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INVESTIGATIONS INTO HIGH SURFACE AREA AND HIERARCHICAL PHASE SEGREGATED 
NETWORK STRUCTURES 
 
ABSTRACT 
 
By 
 
ROCCO P. VIGGIANO III 
 
Aerogels are an interesting class of materials that possess many exotic and extreme 
properties.  These properties are developed as the gel network is produced from solution.  
As the gel develops, it builds a hierarchical structure, possessing architectures at different 
size scales through molecular and macro-scale interactions.  Once the solvent is removed, 
and the resultant aerogel is produced, the hierarchical nature of the material produces many 
desirable properties including:  extremely high porosities (greater than 90% pore 
volume)[1], extremely low thermal conductivities (10-30 mW/m-k)[1], very low densities 
(as low as 0.002 g/cm3)[2], low refractive indices (as low as 1.01),[3] low dielectric constants 
(between 1.0 and 1.5),[4] high surface areas,[5,6] and the slowest speed of sound through a 
solid material. 
The first chapter of this thesis deals with the structure/property relationships of 
polymer/clay aerogels interfused with uniformly distributed air bubbles were examined.  
Through the incorporation of a polyelectrolyte in a montmorillonite (MMT) clay solution, 
the viscosity was systematically changed by the addition of ions with different charges.  
The bubbles were achieved via high speed mixing and were stabilized through the use of 
the surfactant sodium dodecyl sulfate (SDS).  As the charge of the ion increased from +1 
xx 
 
(Na+ ions) to +2 (Ca2+ ions) to finally +3 (Al3+ ions), the modulus of the resultant aerogels 
increased.  The foamed polymer/clay aerogels showed a reduction in thermal conductivity 
while retaining similar mechanical properties to unfoamed polymer/clay aerogels.  The 
most promising composition was one which contained 5% MMT clay/5% poly(vinyl 
alcohol)/0.5% xanthum gum/0.5% SDS/0.2% Al2(SO4)3∙6(H2O) possessing a density of 
0.083 g/cm3, an average modulus of 3.0 MPa, and a thermal conductivity of 41 mW/m∙K.   
The second project investigated the feasibility of incorporating ground recycled 
polyurethane (PU) foam into clay/polymer aerogels.  This was demonstrated and a range 
of compositions were prepared and characterized to determine the effect of variation in the 
formulations on density and mechanical properties of the resulting materials.  The study 
followed a modified combinatorial approach.  Initially, experiments were performed in 
water using either sodium exchanged montmorillonite or laponite clay, poly(vinyl alcohol) 
(PVOH) solution as the polymer binder, and the recycled PU foam. Freezing and freeze-
drying the aqueous gels produced aerogels, which were characterized through density and 
mechanical testing, scanning electron microscopy, and thermal gravimetric analysis.  The 
study was expanded by exploring alternative binder chemistries, including the use of an 
alginate polymer in place of the PVOH, or adding a polyisocyanate as across-linking agent 
for PVOH.  The effect of recycled PU foam content, clay type and level, and binder type 
and level on mechanical properties of the aerogels were determined. 
The goal of the third project was to determine if lignin could be converted into foam-like 
aerogels using a well-established and environmentally benign freeze drying process.  
Interest in lignin as a bio-resource has been gaining popularity in recent years, as it is 
currently viewed by most industries as a waste product that in most cases is simply burned 
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as a fuel source.  The use of lignin in a polymer/clay aerogel offers the potential for a high 
value-added foam-like material potentially usurping the use of traditional petroleum 
derived foams in some applications.  The present work demonstrates that lignin/clay and 
lignin/alginate aerogel samples can possess compressive moduli as high as 36.0 MPa. 
The final project addresses a fundamental material property concern associated with 
polyimide aerogels.  Polyimide aerogels possess low dielectric constants, low thermal 
conductivities, high porosity, flexibility and low densities with outstanding mechanical 
properties.  However, polyimide aerogels will undergo thermally induced shrinkage at 
temperatures far below their glass transition temperatures (Tg) or their onset of 
decomposition temperatures.  Attempts to minimize thermal shrinkage were successful 
when a rigid filler, such as cellulose nanocrystals (CNCs), were introduced into the 
polyimide backbone.  As an alternative to using rigid fillers, it was proposed that the 
incorporation of bulky, space filling moieties into the polymer backbone would also 
provide an effective route to reduce thermal shrinkage.  An array of 20 polyimide aerogels 
were synthesized from 3,3’4,4’-biphenyltetracarboxylic dianhydride (BPDA) and 4,4’-
oxydianiline (ODA) and in some cases BPDA and a combination of ODA and 9,9’-bis(4-
aminophenyl) fluorene (BAPF).  The aerogels were cross-linked with 1,3,5-
benzenetricarbonyl trichloride (BTC).  The polymer concentration, n-value and molar 
concentration of ODA and BAPF were varied.  The resultant aerogels were fully 
characterized and were subjected to isothermal heating at 150 °C and 200 °C for up to 500 
hours.  It was observed that the samples containing BAPF possessed the lowest thermal 
shrinkages.  Reductions in thermal shrinkage of around 20% were observed in samples 
containing the highest molar concentrations of BAPF.
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INTRODUCTION AND HISTORICAL PERSPECTIVE 
 
 
 
 
 
 
 
 
 
 
 
 
  
2 
 
1.1   BACKGROUND 
Aerogels are a class of materials which possess many exotic properties, such as an 
extremely high porosity (greater than 90% pore volume)[1], extremely low thermal 
conductivities (10-30 mW/m-k)[1], very low densities (as low as 0.002 g/cm3)[2], low 
refractive indices (as low as 1.01),[3] low dielectric constants (between 1.0 and 1.5),[4] high 
surface areas,[5,6] and the slowest speed of sound through a solid material.  Aerogels possess 
nanoscale architectures and pore sizes ranging from 2-50 nm meaning they are 
mesoporous.  For this reason, aerogels are considered to be a form of nanotechnology, and 
in fact, have been called “the original nanotechnology” because of how long ago the first 
aerogels were first synthesized.  Due to these nanoscale pore sizes, molecular collisions 
between a gaseous medium such as air and the aerogel network are disrupted, significantly 
reducing gaseous molecular convection.  Consequently, aerogels are outstanding thermal 
insulators, finding the majority of their current application as some form of a thermal 
insulation. [7,8]  However, aerogels have been used in many other interesting applications. 
The other exotic properties aerogels possess have led them to be used in numerous exotic 
applications including Cherenkov radiation detectors in particle physics experiments,[9-14] 
water purification media,[15] acoustic dampening media,[16-18] heat storage devices for 
defrosting windows,[19] battery electrodes,[20,21] catalyst supports,[18,22] sensors for oxygen 
and humidity conditions,[23,24] as well as window and skylight insulation.[25,26]  In 1997 [27] 
and 2004,[28] NASA employed aerogels in the Mars Pathfinder and the Stardust missions.  
In the Stardust mission, a silica aerogel panel (see Figure 1) was created and deployed to 
capture hypervelocity particles traveling at six kilometers per second from the comet 81P 
Wild 2 (see Figure 2) in such a way as to entomb the samples without damage.[27]  In the 
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Mars Pathfinder mission, aerogels were used to insulate the battery housings onboard the 
rovers Spirit and Opportunity from the extreme temperature changes on the planet’s 
surface.[28]  The silica aerogel insulation protected the vital electronics in the Warm 
Electronics Boxes (WEB) onboard the rovers for over 5 years from the 100 °C variations 
in temperature on the Martian surface.  Figure 3 is an artist’s rendition of the 2004 Mars 
Exploration Rover on the surface of Mars.  Based on their prior success as insulation for 
space applications, NASA envisions aerogels will be used as the next generation insulation 
for space suits and artificial habitats that may someday allow humans to safely visit the 
Red Planet (see Figure 4).  Furthermore, due to recent advances made in the field of 
organic aerogels, the possibility for creating thin, flexible aerogel sheets exists.  As shown 
in Figure 5, flexible aerogels may one day be used as an insulation layer in an inflatable 
decelerator to protect the spacecraft during the entry, decent and landing on the surface of 
a planet. 
Aerogels are synthesized and dried in three possible ways:   
1. First and the original method was through sol-gel chemistry.  Reactants in the sol 
would form a 3-dimensional viscoelastic gel network.  Once of sufficient strength, 
the gel would be placed in a supercritical fluid extractor for drying.  Termed 
supercritical drying, in this method it is necessary to bypass the critical point of the 
solvent in order to dry the gel. 
2. The second method is through producing a yield stress fluid or ionically cross-
linked network then freezing and subsequently freeze-drying.  This method 
necessitates the need to bypass the triple-point of the solvent to dry the gel. 
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3. The third method is to produce a highly cross-linked gel of sufficient strength to 
counteract the pressures of shrinkage present from simply ambient drying.[29-31]  
This method implies crossing the liquid-gas equilibrium curve in order to drive off 
the solvent and dry the gel. 
The term xerogel is associated with a special type of dried gel produced through solvent 
evaporation under ambient conditions.  Xerogels undergo significant network contraction 
from the extreme pressures associated with evaporation of solvent through mesopores.  
This leads to high capillary forces in the gel pores causing the structure to collapse 
producing dense gels.  Consequently, xerogels offer a reduced pore volume (approximately 
60% reduction) from the associated collapse.  While the property differences between 
xerogels and aerogels are not absolutely defined, it is generally agreed upon that a pore 
volume of less than 70% is defined as a xerogel.[32]  Some xerogels, however, such as silica 
xerogels incorporating methyltrimethoxysilane (MTMS), can resist shrinkage and maintain 
a similar porosity and density to standard silica aerogels.[33]  A diagrammatic representation 
of the processing steps leading to aerogels and xerogels is shown in Figure 6. 
 
1.2   HISTORICAL DEVELOPMENT OF AEROGELS 
Aerogels were originally created in 1931 by Steven Kistler at the College of the Pacific in 
Stockton, California using metal alkoxides as building blocks.  The aerogel precursors were 
gels filled with a liquid, typically a combination of water and alcohol, which showed some 
resistance to compressive forces.  However, the xerogels obtained after removal of the 
liquid under ambient conditions collapsed under their own weight.  To remedy this 
problem, water was replaced with alcohol, the temperature and pressure were raised to the 
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critical point of the alcohol, driving off the alcohol without collapsing the gel skeleton.  At 
the critical point of a liquid, no interfacial tension exists between the solvent and the 
surrounding structure.  Thus, once at its critical point, the alcohol will easily escape from 
the gel without destroying its structure.  Explained differently, above the critical point, no 
liquid phase exists and the liquid-vapor interfaces within the gel pores are non-existent.  
Therefore, the capillary forces that cause a gel to collapse under ambient conditions are 
absent in the supercritical drying process.  The resultant aerogels are obtained with minimal 
shrinkage after returning to ambient conditions.  Owing to its high porosity and surface 
area, Kistler and co-workers explored the possibility of using aerogels as catalysts and 
catalyst supports,[34] and determined that silica aerogels possessed inherently low thermal 
conductivities.[35]  Kistler coined the term aerogel in 1932 to designate gels in which the 
liquid was replaced with gas, without collapsing the solid network.[36]  Once he was able 
to demonstrate the supercritical drying technique to form silica aerogels, he began trying 
to expand this technique to other gels including gelatin, agar, cellulose, nitrocellulose and 
egg albumin.  Thus, Kistler had also created the first polymer aerogels as well.  He 
described the nitrocellulose aerogel as possessing a very low density, being optically 
translucent and mechanically “the strongest and toughest aerogel that as so far been 
produced”.   
Silica aerogels appeared to be quite revolutionary because of their extremely low densities 
along with their potential to be used as thermal and acoustic insulation.  A few years after 
their development, they were marketed by Monsanto in the form of a granular material.  
However, their development had slowed to a standstill for about three decades, mainly due 
to the time-consuming, labor-intensive and expensive solvent exchange steps outlined by 
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Kistler.  That changed with a major improvement to the approach by Teichner and Nicolaon 
[37] at the University of Claude Bernard in Lyon France, who replaced Kistler’s sodium 
silicate with alkoxysilanes and using methanol as the reaction solvent simultaneously 
eliminating the inorganic salt byproducts from the gels as well as the need for a water-to-
alcohol exchange step.  This breakthrough reduced aerogel fabrication time from days to 
hours.  New developments followed rapidly as many scientists joined the field in light of 
these discoveries by Teichner and Nicolaon.   
Twenty years later, Tillotson et al.[38] further advanced aerogel preparation techniques by 
outlining a two-step sol-gel preparation method.  This method used both acid and base 
catalysts to precisely control the properties and morphology of solid particle networks in a 
silica aerogel, producing samples with densities as low as 0.003 g/cm3.  A continued 
drawback to this and prior processes was the use of methanol as the supercritical fluid (Tc 
= 240 °C, Pc = 78 atm).  Finally, in the mid-eights Tewari [39] and Gowda[40] proposed 
replacing the alcohol in the gels with liquid CO2 prior to supercritical drying which 
possesses a much lower critical temperature (Tc = 31 °C) and critical pressure (Pc = 73 
atm).  This was a major advance in safety eliminating the explosion hazards due to the 
alcohol during the preparation process. 
Outside of the aforementioned thermal insulation properties, aerogels saw limited use and 
in exotic applications such as an example in 1974 when Cantin and co-workers[9] 
determined that silica aerogels possessed desirable properties for use in Cherenkov 
radiation detectors.  A low index of refraction was crucial in the detection of this specific 
radiation.  Silica aerogels can be fabricated with an index of refraction as lower than 1.1 
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and because it is still a solid, it is easier to work with than the alternative, pressurized gas, 
which possesses an index of refection between 1.1 and 1.2.[41]  Subsequent papers 
published on the subject focused on controlling the index of refraction for aerogels.[10,11]   
Other research efforts in the field continued to advance Kistler’s original idea for using 
aerogels as catalysts.  Their inherently high porosity, high surface area, and structural 
stability during heat treatment at elevated temperatures made them excellent candidates for 
a catalytic substrate.  Gardes and co-workers[42] used alumina aerogels as a catalytic 
substrate for the hydrogenation of ethylene to produce ethane gas.  Other efforts into 
aerogel catalysis has yielded success in the hydrogenolysis of ethylbenzene, selective 
hydrogenation of cyclopentadiene, and partial oxidation of olefins.[43] 
Due to the advancements in safety, successful demonstration of superior thermal and 
acoustic insulation, research efforts into reaction catalysis, as well as the exotic use in 
Cherenkov radiation detection, International Symposia on the topic of aerogels began in 
1985[44,45] along with two major review papers published in the area[46,47].  This helped 
further fuel research endeavors in the area of aerogels.  Today, the general public is still 
largely unfamiliar with aerogels.  However, many companies are using them in applications 
ranging from thermal insulation in buildings and clothing to sports equipment.  Some of 
the products where aerogels are currently employed is seen in Figure 7.  Within a decade, 
the use of aerogels will be widespread enough that the general public will be familiar with 
aerogels and regularly benefit from their remarkable properties. 
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1.3   SOL-GEL CHEMISTRY 
The term sol-gel refers to the method of producing a gel from small molecules.  The process 
involves the conversion of monomers in a colloidal solution, called the sol, into an 
integrated three dimensional network, or gel, composed of discrete particles or a polymer 
network.  Sol-gel chemistry is responsible for creating gel networks in solution which 
become the aerogel skeletal structure after supercritical drying.  The development of the 
three dimensional space filling network is the defining step in aerogel preparation as the 
mechanical properties, porosity and density are all dependent upon the skeletal network 
morphology.  The infinite networks depend upon the functionality of the monomers used 
in gel preparation.[48]  Polymeric gels are produced using multifunctional monomers, 
typically possessing di- and tri-functionality. Silica and some metal alkoxide aerogels are 
synthesized from precursors containing up to four functional sites. 
Several theories have been proposed to explain gelation.  Some are purely physical in 
nature while others incorporate aspects of the chemical nature of the monomers used in 
their explanations.  Generally, all of the theories outline several common essential steps 
for gel formation.  Initially, the precursor system behaves as a single phase fluid as it is a 
solution consisting only of monomers.  As the monomers begin to react, particles or chains 
begin to grow, depending upon the system.  Their growth leads to branching, and as more 
and more monomers are added into the chains, they meet other growing chains, reacting 
and binding together.  Eventually, a highly branched network is formed in the size and 
shape of the reaction vessel.  From a polymer physics standpoint, the network has formed 
in a continuous walk.  While a continuous gel network has formed, there will be some 
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unreacted molecules still residing in the solvent.  Those molecules along with the solvent 
are considered as one entity to be the “sol”, while the solid three dimensional network that 
has formed is referred to as the “gel”.  The reaction may continue until all of the monomer 
fraction is eventually incorporated into the gel network, leaving only solvent molecules in 
the liquid phase which is later removed in the drying stage (discussed later in section 1.5).  
Leaving the gel in the reaction solvent for an extended period of time, usually for 24 hours, 
is termed aging.  It has been well established that aging the wet silica gel increases the 
mechanical strength of the resultant silica aerogel.  Generally, the number of particles in 
the neck area, the average pore size and the apparent density of the gel increases through 
aging treatments.  The process, termed Ostwald ripening, is an observed phenomenon 
whereby small particles from the gel skeleton dissolve back into solution and redeposit 
onto inhomogenous regions of the gel skeleton.  The process occurs because smaller 
particles have a higher surface area than large particles and thus a higher total Gibbs energy.  
In the silica gel network, Ostwald ripening describes the dissolution of some of the silica 
from the surface of the gel network back into the sol.  Then a subsequent reprecipitation 
back onto the surfaces occurs in areas with negative curvature (at the interparticle necks) 
results in a mechanically stronger gel framework.  Once the gel network has formed, many 
of the properties, such as pore shape and volume as well as network architecture and 
connectivity, have been established.  This is best summarized in Figure 8. 
Rheologically speaking, the sol containing dissolved particles initially behaves as a 
Newtonian fluid.  As the gel network begins to form, the system behaves like a viscoelastic 
liquid with the viscosity approaching infinity at the point of gelation.  Once the gel point 
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is reached, the system behaves as a viscoelastic solid, adopting an equilibrium elastic 
modulus which increases as the gel fraction grows.[49]   
Traditionally, lattice theories are used to explain the behavior of a system undergoing 
gelation.  Each monomer occupies a site within a two-dimensional or three-dimensional 
lattice.  A bond between adjacent monomers residing in the lattice form with a probability 
of pa.  The total number of bonds a monomer can make to surrounding monomers is 
equivalent to the functionality, f, of that monomer.  Initially, all monomers are treated as 
separate entities confined to a cell within the lattice, represented as an open circle in Figure 
9.  Figure 9c also shows sites occupied by solvent molecules residing in cells represented 
by a “point”.  The system is entirely occupied by one-unit clusters.  As the reaction 
progresses, a number of monomers (S) become linked together, forming an “S-cluster”.  
Once the critical point (gel point) is reached at the percolation threshold, the infinite gel 
network begins to form.  As time proceeds, monomers continue to attach to the growing 
gel represented by p, which is the ratio of bonds formed to the total number of possible 
bonds, approaches unity.  At the specific value were p = pc, or the percolation threshold, 
the presence of an “infinite” chain is evident.  At complete conversion (p = 1), all 
monomers are incorporated into a single chain of infinite length.  This model provides a 
theoretical means to explain the results obtained by stochastic approaches, it fails to address 
inherent molecular motions and omits chemical principles for the formation of bonds.[49,50]   
In 1942, Flory published his statistical methods describing gelation and entropy of mixing.  
He formulated the critical conditions required for the formation of an infinite chain.  The 
relationship for homopolymerization is given as: 
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     𝛼𝑐 =
1
𝑓−1
            (1) 
Where αc is the probability that the chain has infinite length and that it coincides with the 
point of gelation and f is the functionality of the monomer.  Reactions between di-
functional molecules, represented as A and B, modify equation 1 to become: 
     𝛼𝑐 =
𝑃𝐴𝑃𝐵𝜌
1−𝑃𝐴𝑃𝐵(1−𝜌)
           (2) 
Where PA and PB are the probabilities that group A and B have reacted together, and ρ is 
the fraction of A groups in the original mixture.  PA and PB are stochimetrically related 
through the relationship: 
     𝑃𝐵 = 𝑟𝑃𝐴            (3) 
Where r is defined as: 
     𝑟 =
𝑁𝐴
𝑁𝐵
             (4) 
The r term is equal to the initial number of A and B groups in solution corresponding to 
NA and NB, respectively.  If the reactants are stoichiometrically equivalent (r = 1), then 
PA=PB=P and the relationship αc simplifies to: 
     𝛼𝑐 =
𝑃2𝜌
1−𝑃2(1−𝜌)
           (5) 
Under pre-gel conditions, P<Pc, and all chains are finite in length, meaning α<αc.  This is 
conceptualized as the chains are soluble and reside in the sol fraction, making ws, equal to 
unity under pre-gel condition.  In a post-gel state, the finite chains are bonded to the infinite 
chain thus reducing the sol fraction given as: 
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     𝑤𝑠 = 𝜉𝑓            (6) 
Where ξ is the probability that a randomly selected monomer is part of a finite chain.  The 
value of ξ is governed by the expression: 
     𝛼𝜉𝑓 − 𝜉 − 𝛼 + 1 = 0           (7) 
 
1.4   SOLVENT EXCHANGE 
Once gels have been formed from the sol, the solvent must be removed and replaced with 
air in order to convert the gel into an aerogel.  As previously outlined, if left to dry under 
ambient conditions, evaporation of the solvent from the small pores produces a large 
capillary pressure.  This capillary pressure will cause the gel network to shrink producing 
a xerogel or possibly collapse altogether.  To circumvent pore collapse and maintain the 
original gel structure, the temperature and pressure are increased bringing the solvent 
beyond its critical point, where capillary pressure in the pores ceases to exist.  Liquid CO2 
has proven advantageous as a solvent because its critical temperature (Tc = 31 °C) and 
pressure (Pc = 73 atm) are easily and safely achieved.  Often times, the solvent used to 
synthesize the gel may have a low vapor pressure or may not be miscible with liquid CO2, 
as is the case with many polar solvents.  These solvents prohibit the use of supercritical 
fluid extraction of liquid CO2.  For this reason, the solvent must be exchanged with a more 
volatile liquid that is fully miscible with liquid CO2.  An intermediate step whereby the 
reaction solvent within the gels is exchanged with a new liquid possessing the desired 
attributes for supercritical drying is required.  This step in the aerogel synthesis procedure 
is termed the solvent exchange step.  Acetone or ethanol are the most commonly used 
solvents due to the minimal health risks associated with their use as well as their low cost, 
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high vapor pressures and complete miscibility with liquid CO2.
[32]  Typically, a gel will be 
placed in an acetone or ethanol bath over the course of many days, continuously replacing 
the bath with fresh liquid to ensure that most of the immiscible reaction solvent has been 
replaced by a liquid miscible in liquid CO2.  It is important to note that not all gels require 
this step.  Gels that are fabricated in a solvent miscible in liquid CO2 can avoid this time 
consuming intermediate step. 
 
1.5   SUPERCRITICAL FLUID EXTRACTION 
Supercritical fluid extraction, also termed supercritical drying, is the process by which a 
gel is converted into an aerogel, and is considered to be the essential step in their fabrication 
process.  The high porosity developed in the gel structure is maintained because the process 
eliminates capillary forces preventing collapse from occurring.  The capillary pressure 
(Pcap) exerted on the pore walls is given by the liquid-vapor interfacial energy of the solvent 
(γlν), the contact angle between the liquid and the solvent (θ), and the pore surface-to-
volume ratio (Sp/Vp).  Capillary pressure is calculated using the equation:
2 
     𝑃𝑐𝑎𝑝 = 𝛾𝑙𝜈 cos 𝜃 (
𝑆𝑝
𝑉𝑝
)           (8) 
The pore surface-to-volume ratio can be re-written as: 
     
𝑆𝑝
𝑉𝑝
=
𝑆𝜌𝑏
1−𝜌
            (9) 
where S is the specific surface area, ρb is the bulk density of the gel, and ρ is the ratio of 
the bulk density to the skeletal density, ρs.  Bulk density refers to the mass of the gel per 
unit volume, which includes the pore volume of the aerogel.  For aerogels the value of the 
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bulk density is less than the value of the skeletal density (ρb < ρs).  Combining equations 
8 and 9, the expression for capillary pressure is obtained: 
     𝑃𝑐 = 𝛾𝑙𝜈 cos 𝜃 (
𝑆𝜌𝑏
1−𝜌
)         (10) 
Many studies on the effects of capillary pressure and shrinkage have been carried out, 
especially while trying to obtain crack-free xerogels.[32]   
In the sol-gel state, there are interfacial forces at the boundary of the solvent and gel 
skeleton.  The equation governing the solid-liquid interface is:[51]   
     2𝜎𝑟 cos 𝜃 = 𝑟2𝜌𝑔ℎ         (11) 
written differently, 
     𝜌𝑔ℎ = 𝑃𝑠 =
2𝜎
𝑟
cos 𝜃         (12) 
where σ is the surface tension of the fluid, r is the radius of the capillary, Ps is the 
hydrostatic pressure, and θ is the contact angle formed by the pore liquid with the capillary 
of the pore wall.  For acetone on glass, the value for θ is nearly 0°.[52]  This equates to a 
surface tension value of 0.0262 N/m (26.2 dyne/cm).  The hydrostatic pressure due to the 
evaporation of acetone from a cylindrically shaped pore with a radius of 10 nm is 
approximately 5.2 MPa.  Because this force acts upon a very small area where the capillary 
wall and the meniscus meet, the pore walls may undergo compaction and ultimately 
collapse as a result of the high localized stress.  As solvent evaporates from all of the pores, 
the net result will cause the gel skeleton to undergo shrinkage and may result in collapse 
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as well.  In some cases, depending upon the rigidity of the gel skeleton, shrinkage is 
accompanied by brittle fracture of the gel.   
The development of capillary pressure can be eliminated by keeping the gels immersed in 
a solvent miscible in liquid CO2 and then increasing the pressure and temperature into the 
supercritical regime so that no interfacial tension exists.  The solvent will expand without 
boiling and will remain in a single phase is pressurized beyond the critical pressure level 
and slowly heated to a temperature above the critical temperature.  The solvent will elute 
from the pores as the supercritical CO2 flushes through gel structure.  In this way, the 
solvent will be removed without damaging the gel skeleton.  Typically this process will 
take a few hours depending upon the pore sizes in the gel.  Figure 10 is the pressure-
temperature diagram for CO2, showing diagrammatically the steps just described.
53  Liquid 
CO2 is introduced into the vessel and is slowly pressurized.  Then the chamber is heated 
gradually.  This raises the fluid temperature and pressure above the critical point of 31 °C 
and 7.4 MPa, respectively.  Beyond this pressure and temperature posits CO2 into the 
supercritical regime.  Once drying is complete, the pressure is slowly decreased and the 
gels return to ambient pressure.  Once the chamber is opened, air rushes into the samples 
filling the porous gel skeleton with air finally producing the “air filled gel”, or aerogel.  
Figure 11, is a Greek artist opening the chamber of a supercritical fluid extractor to remove 
the newly formed aerogels.[36] 
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1.6   TYPES OF AEROGELS 
1.6.1   SILICA AEROGELS 
Silica aerogels are among the oldest and most studied variety of aerogel.  Kistler reported 
the synthesis of silica aerogels in 1932.[54]  In the original synthesis method, Kistler 
dispersed colloidal particles of silica in waster, allowing them the appropriate time to 
become interconnected and forming a gel.  Later, Tiechner and Nicolaon[37] later improved 
the synthetic procedure by using tetramethylorthosilicate (TMOS).  Their procedure 
produced more mechanically robust materials in a shorter time.  Modern silica aerogels are 
produced using the general procedure outlined by Tiechner and Nicolaon[37]. 
Silica aerogels offer extremely high porosities, very low densities, and low thermal 
conductivities.  They are also often modified to be superhydrophobic.  Unfortunately, the 
biggest drawback limiting their use without modification is their poor mechanical 
properties.  Native silica aerogels are extremely brittle and possess a low compressive 
modulus.  A neat silica aerogel synthesized from TMOS possessing an average density of 
0.12 g/cm3 requires only 31 kPa to crush the structure.[55]  There are several reasons for 
their poor mechanical properties.  First among them is that mechanical strength scales with 
density.  Native silica aerogels possess a very low density and thus are expected to possess 
low mechanical strength compared to neat silica.  Adding more mass to the aerogel skeleton 
will result in an increase in its density and a subsequent increase in its mechanical strength.  
The following relationship was proposed by Courtens et al.[56]: 
     𝐸~𝜌𝑏
𝑎           (13) 
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where E is the Young’s modulus of the aerogel, ρb is the bulk density and a is the scaling 
exponent with a value between 3 and 4 determined empirically.[56-59]   
Other attempts to explain the poor mechanical properties of silica aerogels came from Ma 
et al.[60] who used mathematical modeling and a re-evaluation of the percolation theory.  
The group attributed the poor mechanical properties of aerogels to the “dangling mass”, or 
mass that is present in the aerogel skeleton but does not carry or distribute load.  It was 
determined that as little as ten percent of the total mass of the silica aerogel skeleton was 
perfectly connected and able to carry load.  The group attributed the poor mechanical 
properties to the highly-porous skeletal frame and the “pearl necklace” structure formed by 
the system, in which the secondary silica particles in the skeleton are tethered by Si-O-Si 
bonds.  This morphology is illustrated in Figure 12, where the “pearl necklace” is 
visualized as the multi-surface spherulite particles.  These spherulite particles are 
connected together by the aforementioned Si-O-Si bonds.  These bonds, however, form a 
very thin region between the spherulite particles.  This thin region is called the “neck” or 
“neck region”.  Due to the difference in diameters of the neck with respect to the larger 
tightly bound spherulite particle, the neck will serve as the weak point or defect in the 
skeleton and is therefore susceptible to fracture under force.[61]  Woignier and co-
workers[62] expanded upon the relationship proposed by Courtens et al.[56], stating that the 
a parameter is independent of fractal morphologies.  Woignier[62] placed a high importance 
on the process conditions used to create the silica aerogels, observing that gelation 
chemistry and time, aging and shrinkage all played vital roles in the dictating the 
mechanical properties of the resultant aerogels.  The hierarchical evolution of the silica gel 
skeleton described above is depicted as the scale in increased.  Upon magnification of the 
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gel skeleton, the “pearl necklace” structure becomes visible and upon further magnification 
the silica molecules that make up the multi-surface spherulites is shown in Figure 13.   
Many attempts have been made to strengthen silica aerogels.  The typical strategies for 
mechanical improvement involve reinforcing the neck region, which is the weakest point 
and therefore the point at which the network will fail.  The first successful attempt was 
performed by Kramer et al.[63] who reinforced silica aerogels with polydimethylsiloxane 
(PDMS) and obtained samples which possessed compressive moduli that were four times 
higher than those of neat tetrahedralothosilicate (TEOS) aerogels.  Later, Meador et al.[64] 
employed the use of a polymeric conformal coating to encapsulate and reinforce the silica 
network.  In order to coat the surface of the network, the silica gel was soaked in a solution 
containing a di-isocyanate.  Upon heating, the isocyanate groups react with the hydroxyl 
groups on the surface of the silica, thus bonding to and encapsulating the skeletal network.  
This resulted in a reinforced silica aerogel which were nearly three hundred times stronger 
than neat silica aerogels possessing only three times the density.  Meador et al.[65] also 
reinforced silica aerogels by functionalizing the surface of the network with amines and 
reacting with epoxy.  As shown in Figure 14, surface modification is accomplished by co-
reacting amiopropyltriethoxysilane with tetramethoxysilanes to yield a silica surface 
decorated with amine.  Addition of the epoxy occurs by soaking the decorated silica gels 
in a precursor solution.  Finally, heating reacts the primary amine with the epoxide ring, 
forming a cross-linked system.  The resultant aerogels possess a modulus an order of 
magnitude greater than neat silica aerogels with a similar density.  Katti et al.[66] also 
explored the possibility of forming a reinforced silica aerogel by modifying the surface of 
the silica network with amines and cross-linking with di-isocyanates to increase 
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mechanical strength.  The result was a silica aerogel consisting of interparticle tethers of 
polyurea possessing a high elastic modulus of 129 ± 8 MPa and an ultimate specific 
compressive strength of 3.89x105 Nm/kg, which is greater than that of a Kevlar 49/epoxy 
composite.[66]  Other attempts at reinforcement include:  functionalizing the surface of the 
silica with vinyl groups and reacting with styrene[67-69] as well as reacting the hydroxyl 
groups on the surface of the silica network with methyl cyanoacrylate.[70,71]  Both efforts 
have resulted in dramatic improvements to the mechanical strength while maintaining the 
attractive physical properties of aerogels including low densities and high porosities..  
Silica aerogels have even been reinforced using fillers such as carbon nanofibers.[72]  Most 
of the strategies for polymer reinforcement of silica aerogels require the use of expensive 
solvents such as acetonitrile and include multiple wash cycles to in order to fabricate the 
strengthened samples.  Recently, a greener approach was developed to make epoxy 
reinforced aerogels using a type of ethanol soluble epoxy and including it in the initial 
gelation solution as seen in Figure 15 [73].  As a one pot synthesis, the time consuming 
wash cycles are eliminated and the process is shortened considerably resulting in aerogels 
which possess very similar properties to the aforementioned original epoxy reinforced 
approach. 
In addition to simply improving the mechanical strength of silica aerogels, polymer 
reinforcement has provided other physical property improvements as well.  By including 
flexible linking groups into the silica backbone, aerogels that can recover from mechanical 
deformation are possible.  Capadona et al.[74] fabricated silica aerogels that could recover 
from a 50° bend in the monolith without fracture.  Likewise, Rao et al.[75] produced aerogels 
using methyltrimethoxysiloxane (MTMS) which could sustain a 180° bend as well as 60% 
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compressive strain without failure.  Another example utilizes a co-reaction of MTMS with 
bis(trimethoxysilylpropyl)amine (BTMSPA) to reduce the amount of Si-O-Si bonds and 
introduce aliphatic links into the silica backbone[76].  Next, the aerogel is cross-linked by 
reacting a tri-isocyanate with the secondary amines of BTMSPA to form polyurea linkages.  
The resultant aerogels can endure 25% compressive strain without failure and will return 
to their original shape with greater than 99% recovery from that strain.  Randall et al.[1] 
investigated flexible silica aerogels further by incorporating three new bis-silanes with 
BTMSPA and 3-aminopropyltriethoxysilane (APTES).  All samples showed some degree 
of recovery, with the samples containing BTMSPA possessing the highest levels of shape 
reconstitution.  Figure 16 summarizes the methods for reinforcing silica aerogels from the 
methods described above. 
 
1.6.2   METAL OXIDE AEROGELS 
With the success of silica, scientists attempted to create aerogel monoliths from analogous 
metal oxide compounds.  Each metal oxide possesses different inherent properties based 
on their atomic and electrostatic interactions.  Many types of metal oxide aerogels have 
been fabricated and characterized, each possessing a unique set of properties.  Often these 
aerogels can act as high surface area catalysts for chemical reactions, matrices for 
explosives, are magnetically susceptible or magnetic, and brilliantly colored.  Metal oxide 
aerogels are produced using similar sol-gel chemistry as silica aerogels.   
Metal oxide aerogels have historically been much more difficult to synthesize than silica 
aerogels.  This is largely due to a lack of good synthetic routes to create a metal oxide gel.  
It is also due in part to the difficulty in handling metal oxide compounds as they hydrolyze 
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readily.  Little was described in the literature about metal oxide aerogels prior to 1980, 
outside of the work published by Tiechner et al.[77]  During the 1980s, scientists tackled the 
issues of controlling the hydrolysis of the salts and the condensation of the metal 
hydroxides.  They also had difficulty maintaining the dimensional stability of the resultant 
aerogel monoliths.  In 1986, Schmidt, Scholtz and Frick[78] proposed the use of network 
modifiers to aid in the formation of metal oxide aerogels.  Two years later, Sanchez et al.[79] 
reacted metal alkoxides with an array of different chemical additives containing 
nucleophilic hydroxyl groups.  The electrophilic metal alkoxides reacted with the hydroxyl 
groups producing compounds that could be easily hydrolyzed in a controlled manner. 
Tillotson[80] and Gash[81] eventually formulated an easier synthetic route using propylene 
oxide-assisted gelation.  Following this route, a hydrated metal salt was dissolved in a 
solvent and then propylene oxide was added drop-wise.  The propylene oxide deprotonated 
the metal oxide, irreversibly ring-opening the propylene oxide.  This lead to the formation 
of an aquo-hydroxy metal species, which could condense and initiate the gelation process. 
Since the mid-1990s, many different metal oxide aerogels have been produced.  They were 
mainly investigated for their magnetic[82] and catalytic[83,84] properties.  However, on the 
whole, the mechanical properties are poor.[85]  In a similar scenario to silica aerogels, there 
have been attempts to improve the mechanical properties of metal oxide aerogels through 
the addition of polymeric materials mainly to enhance their strength and durability.  Gash 
and co-workers[86] used different types of epoxides to augment the mechanical strength of 
iron (III) oxide aerogels.  The epoxides strengthened the neck regions of the pearl necklace 
backbone structure, reminiscent of the structure observed in silica aerogels.  Due to their 
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similarities, investigations into the properties of metal oxide-silica hybrid aerogels have 
been reported.[87,88]   
As noted earlier, another common trend among metal oxide aerogels are quite colorful and 
vary in opacity.  Aluminum oxide (alumina),[89,90] titanium oxide (titania),[91,92] and 
zirconium oxide (zirconia)[93] aerogels are inherently clear but appear blue or white with 
Rayleigh scattering.  Chromium oxide (chromia) aerogels are opaque and can be deep 
green[94] or deep blue.[95]  Similarly, molybdenum oxide aerogels are opaque and blue.[96]  
Vanadium oxide (vanadia) aerogels are also opaque and appear olive green to green-
black.[97]  Iron oxide aerogels are opaque and appear deep red-brown[98], much like rust, or 
even yellow-brown.[86]  Both rare earth element oxides, holmium oxide (holmia)[99] and 
erbium oxide (erbia)[100] appear transparent and pink.  Samarium oxide (samaria) aerogels 
are transparent and yellow in color.  Lastly, neodymium oxide (neodymia) aerogels appear 
transparent and come in purple or blue varieties.[71]   
 
1.6.3   ORGANIC AEROGELS 
Despite the observation by Kistler in the 1930s that purely organic materials, namely 
nitrocellulose, produced “the strongest and toughest aerogels that has so far been 
produced”; research emphasis focusing on silica aerogels created a momentum that left the 
study of purely organic aerogels dormant of almost 60 years.  Finally, with the work of 
Pekala in 1989, the study of polymer aerogels began in earnest when he reported the first 
aerogels produced from highly cross-linked networks from resorcinol-formaldehyde[101-
103], melamine-formaldehyde[104], and phenol-furfural[105].  The general chemical schemes 
for the formation of resorcinol-formaldehyde and melamine-formaldehyde networks is 
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shown in Figures 17 and 18, respectively.  These systems produced polymeric “clusters” 
that upon further gelation formed covalently bonded bead-like segments.  The gels were 
aged in acetone, as acetone was one of the first solvents used to facilitate supercritical 
drying with the recently introduced method of using liquid CO2.  Based on this early work, 
the term “organic aerogel” was coined as these were the first examples of aerogels that 
were synthesized from a skeletal network comprised exclusively of organic molecules.  The 
outstanding physical properties of these organic aerogels spawned a new area of study 
which has, at this point, become a major topic of interest for researchers in the field. 
The organic precursors of resorcinol-formaldehyde aerogels are reacted in a 
polycondensation reaction first to form the “clusters” which are analogous to the multi-
surface spherulite of the silica aerogel.  Upon further reaction, the “clusters” bond together 
forming neck regions resulting in a pearl-necklace skeletal structure similar to that of a 
silica aerogel.  Often, a catalyst such as sodium hydroxide or sodium hydrogen carbonate 
in a slightly basic solution is used.  As with silica aerogels, aging of the gels in their solvent 
tends to smooth out the beaded network backone.[106]  The resorcinol-formaldehyde and 
melamine-formaldehyde aerogels [102,104] produced high surface areas (400-1000 m2/g) 
with lower thermal conductivity than that of silica aerogels.[107]  The densities, on the other 
hand, were higher for both the resorcinol-formaldehyde and melamine-formaldehyde 
aerogels (0.38-0.88 g/cm3) than for the average silica aerogels (0.12-0.24 g/cm3).  It has 
been shown, however, that resorcinol-formaldehyde aerogels with densities as low as 0.013 
g/cm3 could be produced in the presence of an acid catalyst.[108]  Further investigation into 
the thermal conductivity of these aerogels revealed that porosity and “cluster” connectivity 
influenced the solid conductivity, while pore size aids in gas conductivity.  The radiative 
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heat transport is directly related to the mass specific infrared absorption of the aerogel.[109]  
It was also determined that the molar ratio of resorcinol to the catalyst present in the system 
had a large effect on the resulting morphology.  Dense cross-linking and microphase 
separation was observed when the ratio of resorcinol to catalyst was low while a reduced 
degree of branching and larger domains occurred when the concentration of resorcinol 
relative to the catalyst was high.[110,111]  High concentrations of resorcinol to catalyst also 
enhanced the mechanical properties of the aerogels.[112]  Tamon et al.[106] showed that the 
surface area decreased at high resorcinol to catalyst values. 
While resorcinol-formaldehyde and melamine-formaldehyde aerogels possessed lower 
thermal conductivities that silica aerogels, the most prevalent use of these aerogels was as 
a precursor to fabricate carbon aerogels by pyrolyzing at temperatures up to 2100 °C[113].  
The physical properties of a carbon aerogel, such as pore structure, is governed by the type 
of catalyst, ratio of monomers to catalyst, total concentration and reaction conditions of 
their parent resorcinol-formaldehyde or melamine-formaldehyde from which they are 
derived.  Carbon aerogels are especially attractive due to their electrical and thermal 
conductivity, high surface area (400-800 m2/g), and large specific mesopore volume (over 
55 cm3/g).[114]  While the highly cross-linked polymer aerogels synthesized from 
resorcinol-formaldehyde and melamine-formaldehyde possess physical and mechanical 
properties similar to silica aerogels, the carbon aerogels produced from them are 
approximately an order of magnitude greater in modulus.  Carbon aerogels have utility as 
absorbers of pollutants for environmental remediation[115], as hydrogen storage media[116], 
as electrodes for batteries[117], as supercapcitors[118], in desalination,[119] and in fuel 
cells.[120]  For use in fuel cells, they are impregnated with platinum.  To further augment 
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the electrical conductivity and mechanical strength, carbon nanotubes have been 
incorporated into carbon aerogels.  Worsley et al.[121] showed these aerogels possessed 
electrical conductivity as high as 30 Ω-1cm-1 and a compressive modulus in excess of 100 
MPa with a densities around 0.02 g/cm3.  Recently carbon aerogels derived from a different 
source, graphene,[122,123] have attracted particular attention for their ultra-low densities 
reaching below 0.003 g/cm3.  To put this amazingly low density into perspective, the 
density of air under standard atmospheric conditions is 0.0013 g/cm3. 
As previously stated, phenol-furfural aerogels were also an important class of early organic 
aerogels synthesized by Pekala.  Phenol and furfural were mixed in stoichiometric ratios, 
undergoing polycondensation reactions in alcohol to produce phenol-furfural aerogels with 
surface areas between 350-600 m2/g and thermal conductivities as low as 15 mW/m-K.[124]  
Poly(dimethylsiloxane) was later incorporated into these gels to serve as a stabilizer during 
gelation and to assist in creating aerogel microspheres with larger particles.[125]  As with 
the resorcinol-formaldehyde and melamine-formaldehyde aerogels, phenol-furfural 
aerogels were converted into carbon aerogels.  Wu and Fu[126] observed that the presence 
of a base catalyst enhanced the size of nanoparticles and the mesopore size, but also 
increased the bulk density and overall shrinkage.   
Polyacrylonitrile aerogels were produced and studied for potential use in electrochemical 
applications.  Talbi et al.[127] were able to achieve capacitance as high as 230 F/g by p-
doping polyaniline into the polyacrylonitrile aerogels.  Aerogels of 2,3-
didecyloxyanthracene were first reported by Placin and co-workers.[128]  The aerogels 
consisted of fibril-like polymer structures with diameters between 100-200 nm.   
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Polyurethane and polyurea aerogels are two classes of organic aerogels which have been 
studied quite extensively.  Typically, polyurethane gels are fabricated from the 
condensation reaction of di-or multi-functional isocyanates with di-or multi-functional 
alcohols in the presence of Lewis Acid or Lewis Base catalysts in solution.  Similarly, 
polyurea gels are produced from the reaction of di-or multi-functional isocyanates with di-
or multi-functional amines in solution.  Drying of the gels is typically carried out through 
the standard supercritical fluid extraction technique, however, there are some examples of 
polyureas which can be dried via ambient conditions.  The first ambient dried polyurea gels 
produced xerogels whose purpose was a core material within vacuum insulation panels 
[129].  The thermal conductivities of these xerogels in ambient conditions were as low as 33 
mW/m-K but decreased to an impressive 7 mW/m-K at a density of 0.15 g/cm3.  
Polyurethane aerogels produced using supercritical fluid extraction from liquid CO2 
resulted in samples possessing ambient thermal conductivities of 16 mW/m-K, half of those 
observed from the polyurea xerogel[130].  These polyurethane aerogels also possessed high 
surface areas, similar to those observed in silica aerogels.  This particular example of 
polyurethane aerogel was synthesized in dichloromethane using polymeric aromatic di-
isocyanates and catalysts to produce cyanurate rings as cross-links.  Eventually BASF 
marketed a commercially-available polyurethane-based aerogel with the trade name 
Slentite®, as seen in Figure 19.  Company literature states the thermal conductivity to be 
17 mW/m-K.   
Historically, polyurethane aerogels were first documented in a patent filed in 1994 by De 
Vos and Biesmans.[131]  The invention of polyurethane aerogels came about when 
researchers sought to find an alternative blowing agent to those requiring 
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chlorofluorcarbons for fabrication of polyisocyanate-derived foams.  By reacting 
polymeric isocyanates with polyols, resorcinol or other initiators in a low boiling point 
solvent for use in supercritical drying or solvent exchange with liquid CO2 followed by 
supercritical drying, polyurethane aerogels were produced.  These aerogels possessed pore 
size distributions between 1 and 100 nm and thermal conductivities of approximately 20 
mW/m-k.  Beismans and co-workers[132] synthesized polyurethane-based aerogels from 
polymeric aromatic isocyanate in dichloromethane.  The polymeric isocyanate was cross-
linked via isocyanurate ring formation or allophanate coupling at higher temperatures.  It 
was noted that a reduction of density took place with an increase in reaction temperature.  
These aerogels offered a thermal conductivity of 22 mW/m-K at a density of 0.15 g/cm3.  
Beismans and co-workers[133] used the commercially available aromatic polymeric 
diisocyanate Suprasec® which they dissolved in dichloromethane.  With the addition of 
1,4-diazabicyclo[2.2.2]octane (DABCO) catalyst, the solution of polyisocyanate gelled.  
The resultant polyurethane aerogels had surface areas as high as 300 m2/g with a bulk 
density of 0.24 g/cm3.  The aerogels where later pyrolzyed at 600-800 °C to form carbon 
aerogels.  The group found that the aerogels shrank during pyrolysis and lead to a smoother 
skeletal framework.  This resulted in a reduction of surface area but an increase in pore 
size.  Pirard et al.[134] reacted polyisocyanates with polyols to produce gel networks.  The 
resultant aerogels had densities ranging between 0.11 g/cm3 and 0.37 g/cm3.  Some of their 
formulations showed narrow pore size distribution and mesoporous structures.  Rigacci 
and co-workers[135] also looked into methods to produce polyurethane aerogels.  The group 
reacted 4,4-methylenebis-(phenylisocyanate) (MDI) with multifunctional polyols in the 
presence of DABCO catalyst.  These aerogels produced a more narrow distribution of 
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densities than those fabricated by Pirard, ranging between 0.12 g/cm3 and 0.22 g/cm3 with 
a thermal conductivity of 22 mW/m-K.  Chidambareswarapattar et al.[136] reported an array 
of polyurethane aerogels synthesized by using various trifunctional isocyanates and 
multifunctional aromatic polyols.  The density of these aerogels were as low as 0.094 g/cm3 
and possessed a wide range of surface areas from 0.5 m2/g to 241 m2/g.  The lowest surface 
area values (0.5 m2/g) were observed in aerogels synthesized from 
dihydroxybenzophenone (DHB) while the highest surface areas were obtained from 
aerogels synthesized using 1,1,1-tris(hydroxyphenyl)ethane (HPE) and phloroglucinol 
(POL) triols.   
Lee, Gould and Rhine[137] compared the physical properties of polyurea and polyurethane 
aerogels synthesized by reacting MDI or polymeric MDI with Jeffamine, in the case of 
polyurea, or polyethylene oxide, in the case of polyurethane, in the presence of 
trimethylamine as a catalyst.  It was discovered that polyurea aerogels offered higher 
surface areas than polyurethane aerogels, 190 m2/g and 47 m2/g, respectively as well as 
lower thermal conductivities, 18 mW/m-K and 27 mW/m-K, respectively.  The group 
attributed this difference to higher pore volumes and smaller pore sizes in the polyurea 
aerogels.  Leventis et al.[138] further explored the chemistry and properties of polyurea 
aerogels by using water as a reactant with multifunctional isocyanates.  Polyurea aerogels 
produced from two different isocyanates, 1,3,5-tris(6-isocyanatohexyl)-1,3,5-triazinane-
2,4,6-trione (Desmodur N3300A) and triphenylmethane-4,4,4-triisocyanate (Desmodur 
RE), and water produced aerogels with high porosity and surface areas.  Desmodur 
N3300A produced aerogels possessing porosities as high as 98.6% with a surface area of 
222.4 m2/g, while Desmodur RE produced aerogels with surface areas as high as 320.7 
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m2/g and a porosity of 97.1%.  The authors noted that the higher density polyurea aerogels 
(~0.3 g/cm3) were mechanically strong enough to resist the capillary forces produced 
through the evaporation of low surface tension solvents such as pentane and can be dried 
under ambient pressure.  They also noted that other higher density samples (~0.55 g/cm3) 
could absorb up to 90 J/g of energy in compression.  This value is only rivaled by polyurea 
cross-linked silica and vanadia aerogels which ranged in energy absorption from 50-190 
J/g under compression at similar densities.  Lastly, the group documented that polyurea 
aerogels produced from aromatic isocyanates could be converted into carbon aerogels from 
pyrolysis at temperatures greater than 500 °C under an argon atmosphere.  The polyurea 
aerogels produced notably high char yields of approximately 60% w/w. 
One of the most recent additions to the family of organic aerogels are step-growth aromatic 
polyamide aerogels.  Williams and co-workers[139] synthesized amine end-capped aromatic 
polyamide oligomers cross-linked with 1,3,5-benzenetricarbonyl trichloride (BTC).  The 
polyamide oligomers were comprised of isophthaloyl chloride (IPC) or terephthaloyl 
chloride (TPC) reacted with m-phenylenediamine (mPDA) in N-methyl-2-pyrrolidone 
(NMP) as the reaction solvent.  Upon addition of the BTC, gelation occurred in under 5 
minutes.  The polyamide aerogels possessed an impressive array of properties.  Their 
densities ranged from 0.06 g/cm3 to 0.33 g/cm3, surface areas as high as 385 m2/g and 
compressive moduli as high as 312 MPa.  This impressive compressive modulus makes 
these polyamide aerogels among the strongest polymer aerogels fabricated thus far 
comparing the same densities.  This is observed from the plot in Figure 20 which shows 
the compressive modulus as a function of density for polyimide aerogels fabricated using 
BTC or OAPS as cross-linkers as well as the BTC cross-linked polyamide aerogels 
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compared to silica aerogels as reference.  Unfortunately, the main drawback currently 
associated with polyamide aerogels is their susceptibility to dimensional distortion during 
solvent exchange and supercritical drying. 
In recent years, interest in polyimide based aerogels has grown substantially due to their 
high thermal stability and good mechanical properties.  Polyimide aerogels were first 
mentioned in a U.S. patent filed in 2003 and later published in 2006 by the inventors Rhine, 
Wang and Begag.[140]  In the patent, the inventors outline a process for producing polyimide 
aerogels from a combination of aliphatic and aromatic diamines with anhydrides.  These 
aerogels were then pyrolyzed into carbon aerogels of much higher surface area.  However, 
in this early attempt, the polyimide aerogels lacked the degree of cross-linking needed for 
stronger mechanical properties.  To ameliorate this problem, Kawagishi et al.[141] 
synthesized polyimide aerogels from a combination of diamines and dianhydrides.  The 
trifunctional amine, 1,3,5-tris(4-aminophenyl)benzene (TAB), was employed as a cross-
linking agent.  The gels were then heated at 180 °C for 8 hours causing the polyamic acid 
chains to undergo thermal imidization.  Meador and co-workers[142] reported the synthesis 
or high cross-link density polyimide gels in polar aprotic solvents such as N-methyl-2-
pyrrolidone (NMP), dimethylformamide (DMF) and dimethylacetamide (DMA).  The gels 
were heated in the presence of DABCO® catalyst to facilitate imidization at a lower 
temperature, 115 °C, over 8.5 hours.  The reaction solvents were then exchanged for 
acetone and then supercritically dried.  The study showed that the polyimide aerogels 
synthesized using NMP as the reaction solvent possessed the most narrow pore size 
distribution and the highest surface areas of 410 m2/g.  Meador et al.[143] followed this effort 
by synthesizing polyimide gels using an array of diamines and dianhydrides.  These gels 
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were then soaked in acetic anhydride and pyridine for two days, followed by heating at 150 
°C for 4 hours to complete the imidization reaction.  The resultant aerogels had surface 
areas between 200 m2/g and 400 m2/g with densities between 0.15 g/cm3 and 0.32 g/cm3.  
Nguyen et al.[144] created polyimide and polyimide-urea gels, thermally imidized in the 
presence of DABCO® catalyst.  Notably, the polyimide-urea aerogels possessed 
compressive moduli between 17 MPa and 20 MPa.  The precursor gels were cast into thin 
0.3 mm films and supercritically dried to produce thin aerogel sheets for applications 
requiring thin insulating materials. 
Leventis et al.[145,146] synthesized polyimide aerogels without a cross-linker from a solution 
of pyromellitic dianhydride (PMDA) with either 4,4’-methylene diphenyl diisocyanate 
(MDI) or 4,4’-methylenedianiline (MDA).  However, TGA data revealed a large 5-7% 
weight loss occurred prior to the onset of thermal decomposition indicating incomplete 
imidization of the chains.  Nevertheless, the resultant aerogels had surface areas as high as 
431 m2/g.  Aerogels produced from both PMDA-MDI and PMDA-MDA were pyrolyzed 
at 800 °C for 3 hours in a tube furnace under a flowing stream of argon.  Next, the carbon 
aerogels were placed in a tube furnace under flowing argon and heated to 1000 °C.  The 
flowing gas was switched to CO2 for 3 hours in order to etch the carbon aerogels.  The 
result was an increase in surface area, as high as 1010 m2/g, and in improvement in 
electrical conductivity by a factor of 70.  This procedure to produce the polyimide aerogels 
was later patented.[147]  Leventis[148] investigated alternative reaction pathways to prepare 
polyimide aerogels.  Polyimide aerogel monoliths were synthesized from the ring-opening 
metathesis polymerization of a norbornene end-capped diimide, obtained as the 
condensation product of 5-norbornene-2,3-dicarboxylic anhydride (nadic anhydride) with 
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MDA.  The ring-opening metathesis polymerization was controlled using a 2nd generation 
Grubb’s catalyst to obtain the gels.  It was noted that the aerogels produced through this 
method underwent a large degree of shrinkage (≥30%).  The samples which possessed the 
lowest densities, 0.134 g/cm3, also possessed the highest surface areas, 632 m2/g.   
Meador and co-workers[149] employed a systematic approach to investigate the properties 
of aerogels formed by reacting diamines and dianhydrides to form poly(amic acid) chains 
which were then chemically imidized at room temperature.  The oligomer chain length 
between cross-links and types of diamines and dianhydrides were varied in the study.  The 
diamines included p-phenylene diamine (PPDA), 2,2’-dimethylbenzidine (DMBZ) and 
4,4’-oxydianiline (ODA), while the dianhydrides included benzophenone-3,3’4,4’-
tetracarboxylic dianhydride (BTDA) and 3,3’4,4’-biphenyltetracarboxylic dianhydride 
(BPDA).  The oligomer length between cross-links was stoichiometrically formulated to 
be 15 or 30 repeat units.  The oligomers were formulated to contain anhydride end-caps, 
and were cross-linked using 1,3,5-triaminophenoxybenzene (TAB).  The polyimide 
aerogels produced possessed densities between 0.13 g/cm3 and 0.33 g/cm3, high porosities 
between 72% and 92%, and surface areas as high as 503 m2/g.  These materials also 
possessed high onset of decomposition temperatures, above 460 °C, with several around 
600 °C.  Notably, the study produced many mechanically robust samples with a DMBZ-
BTDA sample reaching a very high modulus of 102 MPa.  As shown in Figure 21, these 
aerogels are strong enough to support the weight of a car, yet can be fabricated into thin 
flexible films.  The group found that aerogels containing PPDA had higher densities and 
lower porosities while those containing DMBZ had lower densities and higher porosities.  
Thus, it was determined that shrinkage did not depend exclusively on the rigidity of the 
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molecular moieties employed.  This is exemplified by the finding that the more flexible 
ODA-containing aerogels were less dense than the aerogels containing PPDA.  The authors 
attributed this phenomenon to the packing ability of the monomers, with the hypothesis 
that bulkier diamines should produce less shrinkage overall.  It was also observed that 
aerogels containing DMBZ or ODA possessed properties that would make them good 
candidates as lightweight substrates for aircraft antennas.[4]  Researchers determined that 
the most hydrophobic polyimide aerogels had the lowest loss tangents.  Aerogels fabricated 
with DMBZ and BPDA or a 75/25 molar composition of DMBZ and ODA with BPDA 
possessed dielectric constants as low as 1.16.  The low dielectric constant coupled with 
high mechanical strength allows for antenna designs with higher bandwidth and gain at one 
tenth of the weight of antennas made using conventional substrates.  An example of a 32 
elements aerogel antenna array being tested at the NASA Glenn Research Center is shown 
in Figure 22. 
Meador et al.[150] sought to further explore low dielectric properties of polyimide aerogels.  
The group synthesized a series of low density polyimide block co-polymers, some 
compositions containing a fluorinated dianhydride.  Two different anhydride end-capped 
polyimide oligomers were synthesized, one comprised of 2,2-bis(3,4-dicarboxyphenyl)-
hexafluoropropane dianhydride (6FDA) and ODA and the other consisting of BPDA and 
ODA.  The anhydride end-caps were cross-linked with TAB, forming a block co-polymer 
network that gelled in under an hour.  The resulting aerogels produced very low dielectric 
constants, with aerogel samples containing up to 0.5 equivalents of 6FDA possessing 
dielectric constants as low as 1.08 as seen from the plot in Figure 23.  The researchers 
found that increasing the amount of 6FDA contained in the backbone by up to 50% 
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decreased the density of the aerogels decreased the dielectric constants.  The authors 
hypothesized this was due to an increase in free volume and decreased shrinkage from 
drying. 
In addition to varying the types of diamines and dianhydrides, several cross-linkers other 
than TAB have been investigated and the resultant aerogels characterized to observe their 
effects on the structural, mechanical and thermal properties.  A more rigid variant of TAB, 
2,4,6,-tris(4-aminophenyl)pyridine (TAPP), was used to cross-link a polyimide comprised 
of BPDA and (4-aminophenyl)-5-aminobenzimidazole (APBI), a stiff aromatic diamine.  
Polyimide monoliths as well as sheets were produced and characterized.[151]  The authors 
reported the polyimide aerogels possessed high glass transition temperatures around 350 
°C.  Another group studied aliphatic, low molecular weight diamines used to ring-open 
imide sites to produce cross-linked polyimide-amide aerogels with a commercially 
available matrimid polyimide.[152]  Octa(aminophenyl)silsesquioxane (OAPS), a 
polyoligomeric silsesquioxane (POSS) molecule with amine functionality, was used by 
Guo et al.[153] to enhance the thermal and mechanical properties of polyimide aerogels.  
BPDA and bisaniline-pxylidene (BAX) cross-linked with OAPS resulted in aerogels with 
densities between 0.10 g/cm3 and 0.11 g/cm3, that underwent minimal shrinkage (~12%) 
and a porosity of approximately 91%.  These aerogels were also highly thermally stable, 
with an onset of decomposition of up to 560 °C.  They also showed just 2% weight loss 
upon extended heating at 400 °C for a period of 24 hours.  Guo et al.[154] reacted BPDA 
with DMBZ or PPDA in conjuction with the more flexible ODA monomer and cross-linked 
with OAPS.  These aerogels were shows to produce lower shrinkage and lower densities 
than aerogels cross-linked with TAB.  Shen and co-workers[155] also investigated POSS 
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cross-linked polyimide aerogels.  The group used the hydrophobicity of the cage-like POSS 
nanoparticles in conjunction with fluorinated diamines to synthesize hydrophobic 
polyimide aerogels that had a water contact angle of 135°.  These aerogels were also found 
to have a low dielectric constant of 1.19.  Fan and co-workers[156] noted that POSS-
containing polyimides were good candidates for flame retardant materials. 
While the cross-linkers outlined thus far have produced aerogels with interesting and useful 
properties, they all share a similar problem.  TAPP, OAPS and even TAB are either not 
commercially available or is prohibitively expensive to use in the synthesis of polyimide 
aerogels.  The cost effectively eliminates the large scale manufacturing of these materials.  
Recently, Meador et al.[157] has developed a new approach to synthesize polyimide aerogels 
with a less expensive and commercially available cross-linker.  In past examples of 
polyimide synthesis strategies, the oligomers were stoichometrically formulated to possess 
anhydride end-caps.  From there, a diamine, such as TAB, was used to react with the 
anhydride end groups to produce a covalent cross-linked network.  In the new approach, 
the polyimide oligomers are stoichometrically formulated to contain amine end-caps.  
Then, 1,3,5-benzenetricarbonyl trichloride (BTC), a trifunctional acid chloride, is added.  
The amine end groups nucleophilically attack the carbonyl carbon, producing an amide 
linkage with the release of chloride ion into solution.  The generalized reaction scheme is 
shown in Figure 24.  Not only is BTC commercially available and less expensive than 
TAB, TAPP and OAPS, it also produces aerogels with comparable and in some cases 
slightly better properties than aerogels fabricated with OAPS.  The research group 
produced aerogels synthesized from the dianhydride BPDA and the diamines ODA, DMBZ 
or a combination of both cross-linked with BTC.  The group reported compressive moduli 
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comparable to or better than OAPS cross-linked polyimide aerogels of similar density.  The 
group also noted higher surface areas for BTC cross-linked aerogels than previously 
reported polyimide aerogel samples. 
Other studies have focused on introduction of nanoparticles and other fillers to enhance the 
mechanical properties of polyimide aerogels.  Vivod et al.[158] produced polyimide aerogels 
from ODA and BTDA cross-linked with TAB.  Then, the team introduced carbon 
nanofibers into the solution prior to imidization.  Once dried, the aerogels possessed higher 
porosity and underwent less shrinkage, resulting in lower densities, than aerogels without 
carbon nanofibers.  The group compared the BTDA-ODA systems with carbon nanofibers 
both present and absent to aerogels prepared using BPDA and ODA also with and without 
carbon nanofibers.  The authors noted that the BPDA-ODA systems generally had 
increased toughness and greater flexibility than those comprised of BTDA-ODA both 
containing and without carbon nanofibers present.  Nguyen and co-workers[159] 
incorporated cellulose nanocrystals (CNCs) into polyimide aerogels.  The CNCs extracted 
from the mantles sea tunicates possessed an aspect ratio of 80:1.  Once purified, the CNCs 
were incorporated into the solution during the synthesis of the polyimide gels, which 
consisted of either BPDA-DMBZ or BPDA-ODA.  The CNCs demonstrated favorable 
interactions with the polyimide network.  The authors noted that at higher loadings of 
CNCs with a rigid polyimide backbone, the samples possessed lower densities, lower 
percent shrinkages and higher porosities.  They also noted that at high CNC loading the 
surface area decreased, the pore diameter became wider and there was a wider pore 
diameter distribution.  One drawback to adding CNCs to the aerogels was a slight decrease 
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in the compressive modulus, which is a density dependent property.  However, a higher 
tensile modulus was observed. 
Clay minerals have been important additives in a number of polymer systems.  Wu et al.[160] 
produced polyimide-reinforced clay aerogel composites.  The research team determined 
that an increase in polyimide content led to a higher number of aerogel fibrils between the 
lamellar clay platelets observed from the scanning electron microscopy (SEM) images.  
This phenomenon resulted in a 5-50 fold increase in the compressive modulus of 
polyimide-clay aerogel composites.  Part of this increase in compressive modulus can be 
attributed to an increase in the density of the aerogel samples.  Guo et al.[161] also studied 
clay additives in aerogels through the fabrication of clay reinforced polyimide/silica hybrid 
aerogels.  The group hypothesized that the formation of covalent bonds and hydrogen 
bonding through the –OH functionalized clay edges enhanced the connectivity of the clay 
with the silica network leading to a substantial reinforcement effect as evidenced by an 
increase in the compressive modulus. 
 
1.6.4   POLYMER/CLAY AEROGELS 
Clays are important industrial minerals finding use in a breadth of applications.  They are 
crucial in formulating ceramic products, cement, drilling fluids, cosmetics, paper, and 
paints.  One property that makes them particularly useful in the aforementioned 
applications is their ability to provide adequate particle dispersion enabling the formation 
of a uniform, stable system [24].  Consequently, this property also makes clay a useful 
additive in the fabrication of polymer aerogels.   
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The structural framework of clay minerals consists of layers composed of silica and 
alumina sheets bound together and stacked on top of each other [24].  The layers of silica 
and alumina form distinct atomic lattices which create the structural features of clay as well 
as their interesting electrostatic properties.  The silica layer forms a sheet built of silica 
tetrahedrons in which a silicon atom is equidistant from four oxygen atoms, or hydroxyls 
if needed to balance the charge in the structure.  The tetrahedral silica groups arrange to 
form a hexagonal network which repeats.  The alumina layer forms an octahedral sheet 
built from closely packed oxygen atoms or hydroxyl groups bound to an aluminum atom 
in octahedral coordination such that the aluminum is equidistant from six oxygen atoms or 
hydroxyls.  In smectite clays, the octahedral layer is sandwiched by tetrahedral layers.  The 
octahedral layer shares an oxygen atom with two silica layers, one on each side [24].  
Isomorphous substitutions can occur in both layers, such as aluminum for a silicon atom in 
the tetrahedral silica layer, or magnesium for aluminum in the octahedral alumina layer.  
Consequently, the atomic lattice possesses an excess of negative charge which is 
compensated for by the adsorption of cations on the exterior silica surfaces[27]. 
Montmorillonite is the most commonly used clay mineral in the fabrication of polymer-
clay aerogels, as well as the best known member of the smectite group.  Montmorillionite 
is among the best gel-forming of the clays making it particularly useful in the production 
of polymer-clay aerogels.  Its structure is classified as dioctahedral, meaning one third of 
the octahedral sites are occupied by divalent cations [24].  Thus, the structural charge of 
dioctahedral montmorillonite originates from the substitution of Mg2+ for Al3+ in the 
octahedral alumina layer.  The resultant negative charge is balanced by cations such as Na+, 
Ca2+, or Mg2+ intercalated between the outer tetrahedral silica layers between clay platelets 
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shown diagrammatically in Figure 25.[24]  The most common cation associated with 
montmorillonite is Na+.  When Na+ is exclusively in exchange with the surface of the clay 
platelet, the clay is known as Na+ montmorillonite or alternatively as Bentonite.  In the 
presence of water, the cations assume a more diffuse distribution producing a region of 
negative charge on the surface of the clay platelet [27].  This leads to a rearrangement that 
allows for more thermodynamically favorable interactions between clay platelets.  The 
electrostatic potentials inherent on the surface and around the periphery of the platelet 
produces edge-to-face associations, along with some edge-to-edge interactions, resulting 
in a gel-like suspension that is able to fill the total available volume of the container.  For 
simplicity, these associations are often conceptualized as a “house of cards” which forms 
the matrix of the suspension. 
Early work with clay solutions lead to aerogels produced entirely from clay.  In 1952, 
Weiss, Fahn and Hofmann reported creating a thixotropic gel of Na+ montmorillonite in 
water whereupon the sample was frozen and then the water was sublimated under vacuum 
in a process known as lyophilization or freeze-drying [27].  The team reported a continuous 
monolithic structure with a density of 0.05 g/cm3, occupying the same volume as the 
original gel.  If the clay platelets had remained separate in the resultant aerogel, the surface 
area would have been on the order of 300-400 m2/g.  However, in 1953 Call obtained 
surface areas by the Brunauer-Emmett-Teller (BET) method of nitrogen adsorption on the 
surface of the clay platelets to be 70, 49, and 58 m2/g for freeze-dried sodium, calcium, and 
hydrogen montmorillonite, respectively [33].  This was later confirmed by Van Olphen in 
1956 who obtained a surface area of 27 m2/g for an aerogel created from Na+ 
montmorillonite clay [29].  This observation indicates that while the gels do not change in 
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volume upon freeze-drying, small porous regions collapse leading to the development of 
larger porous layers.  These low surface areas suggest a clay particle association on the 
order of 30 unit layers, corresponding to an overall layer thickness of approximately 30 nm 
[30]. 
In the freeze-drying process, layered clay bundles are exfoliated in a good solvent resulting 
in a homogenous dispersion of clay platelets ranging from one to several (three or greater) 
layers in thickness, with complete exfoliation defined as consisting of exclusively 
individual clay platelets.  Water is most commonly chosen as the solvent as it is a good 
solvent for water, it is both frozen and sublimed at easily accessible conditions, and is an 
environmentally sustainable solvent.  Through the aforementioned inherent electrostatic 
interactions of clay platelets with one another, when added to water, a viscous, gel-like 
yield stress fluid results.  Freezing the viscous solution produces solvent ice which consists 
of the clay platelets residing within the ice crystal grain boundaries.  Application of high 
vacuum and heat induces sublimation of the solvent ice, leaving behind the skeletal 
structure of the solids trapped in the ice crystal grain boundaries.  The porous 
microstructure of the aerogel reflects the morphology of the frozen solvent.  The freezing 
process forces the exfoliated clay platelets, arranged in a “house of cards” edge-to-face 
structure in the gel-like state, into a parallel platelet aligned layer.  At low concentrations 
of solids, the low viscosity suspension offers little resistance to growing ice fronts.  The 
result is a lamellar ice morphology, and upon freeze-drying, creates parallel layers of 
associated clay sheets, with layer thicknesses of 1-10 µm commonly observed [31].  Figure 
26 is an SEM image of neat Na+ montmorillonite clay that has not yet been processed into 
a clay aerogel on the left.  On the right, is a sample of Na+ montmorillonite clay that has 
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been exfoliated in solution, ice templated and freeze-dried to produce the aforementioned 
lamellar clay morphology. 
With increased concentrations of clay, the viscosity of the suspension increases, impeding 
the growth of lamellar ice crystals.  Fractal growth of ice crystals results, producing a 
porous open-cellular morphology.  Decreasing the freezing temperature has been observed 
to decrease the distances between aerogel layers through promoting an increased number 
of ice seed crystals to form and begin templating the morphology.  At temperatures just 
below 0 °C, a smaller number of large seed ice crystals form, resulting in irregular spacing 
between ice lamellae and a larger distance between the layers.  Lowering the freezing 
temperature to below -60 °C produces a high density of seed ice crystals, leading to smaller 
gaps between the lamellae and a more uniform structure.  Simply lowering the freezing 
temperature to produce more uniform layer regularity can increase the compressive 
modulus by as much as four times [31].  Controlling the concentration of clay and the 
freezing temperatures can be used to tune the structure and properties of the resultant clay 
aerogels.  The main disadvantage of the freeze-drying process is the coarse morphology 
which lacks nanometer-scale porosity present in supercritically-dried aerogels.  The 
subsequent thermal conductivities of freeze-dried clay aerogels are in the range of 0.025-
0.40 W/m∙K, similar in value to traditional polymer foams, but higher than supercritially-
dried aerogels [35]. 
Pure clay aerogels were extremely fragile, often disintegrating into a powder when 
attempting to handle them in any way.  In 1967, Van Olphen attempted to improve the 
mechanical strength of the clay aerogels by adding solutions of polyelectrolytes to the clay 
solutions prior to freeze-drying.  The hypothesis was to incorporate macromolecules into 
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the clay solutions that would adsorb to the surface of the clay platelets which would bridge 
the particles together [30].  Several different polymer-clay aerogels were created using Na+ 
montmorillonite with sodium carboxymethylcellulose, polymerized sodium salts of alkyl 
naphthalene sulfonic acids, a sodium salt of polystyrene sulfonic acid, or sodium 
polyacrylate.  The incorporation of sodium carboxymethylcellulose produced the best 
results.  When 2% sodium carboxymethylcellulose was added to a 5% solution of Na+ 
montmorillonite, the resultant aerogel possessed a modulus 4 times higher than an aerogel 
consisting of only 5% Na+ montmorillonite.  This result supported the original hypothesis 
that the addition of polymeric materials to clay gels would result in improved strengths of 
the resulting aerogels.  Furthermore, at a linear compression of 9%, the aerogel recovered 
to a compression of 5% after the removal of the load [30].  This paper set a precedent for the 
use of polymers in clay aerogel systems and generated interest in the possibilities of other 
polymers that could be used to create mechanically robust polymer-clay aerogels. 
In recent years, the library of water soluble polymers have been expanded for use in 
creating polymer-clay aerogels, notably, the number of bio-based polymers available for 
use.  The most notable publications include, poly(vinyl alcohol)/clay aerogels, as well as 
in situ polymerization of water dispersible epoxy monomers and creation of water 
dispersible polyamide-amic acid aerogels which are subsequently heated to form insoluble 
polyamide-imide/clay aerogels [38-40].  Most recently, this has expanded into the use of bio-
based polymeric materials.  Examples of biopolymers used to fabricate polymer/clay 
aerogels include the use of proteins, such as casein and whey protein isolate, as well as 
carbohydrates, including pectin and alginate and even structural biopolymers such as 
lignin. [41-46] 
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Poly(vinyl alcohol) has been used extensively to reinforce clay aerogels.  Due to its low 
cost, low toxicity, biocompatibility, good mechanical properties, and water solubility, it 
has been employed to create a wide variety of polymer/clay aerogels.  In water, chemical 
crosslinking of the pendent hydroxyl groups along the backbone of poly(vinyl alcohol) will 
produce a hydrogel, which has been demonstrated as a precursor to an aerogel as well [38].  
A neat, freeze-dried 10% poly(vinyl alcohol) aerogel possesses a compressive modulus of 
3.8 MPa and a density of 0.122 g/cm3.  Keeping the concentration of solids consistent, the 
modulus of a 6% poly(vinyl alcohol)/4% Na+ montmorillonite clay aerogel increases to 4.1 
MPa with a density f 0.098 g/cm3 [38].  By crosslinking the pendent hydroxyl groups with 
divinyl sulfone through a Michael addition reaction, the compressive moduli of the 
resultant aerogels increase dramatically.  The compressive modulus of crosslinked 10% 
poly(vinyl alcohol) was observed to be 11.3 MPa with a density of 0.166 g/cm3, and the 
value for a crosslinked 6% poly(vinyl alcohol)/4% Na+ montmorillonite clay aerogel 
jumped to 22.9 MPa with a density of 0.121 g/cm3 [38]. 
Epoxy/clay aerogels can be created by combining epoxy monomers with clay and water.  
Once frozen and subsequently freeze-dried, it is then heated over night at 120 °C under 
vacuum.  The result is a crosslinked epoxy aerogel which can withstand continual exposure 
to water for several years [39].  Hysteresis data showed these aerogels were able to recover 
with little permanent deformation from six successive compression tests up to 75% strain.  
Polyamide-imide/clay aeroges are similar to epoxy/clay aerogels in that they require a post-
heating cycle after freeze-drying.  Polyamide-imide based clay aerogels were created for 
use in removing hydrophobic substances from water i.e. oil from the surface of water.  The 
polyamide-amic acid is dispersed in water with Na+ montmorillonite clay.  Next, the 
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solution is frozen and subsequently lyophilized to remove the water.  Lastly, the resultant 
aerogel is heated to ring-close the polyamide-amic acid forming the polyamide-imide/clay 
aerogel [40]. 
Casein/clay aerogels can be enzymatically or chemically crosslinked both improving the 
modulus and decreasing moisture sensitivity, yet it is inherently biodegradable even while 
buried in an oxygen scarce landfill [41,42].  Thermogravametric analysis of the casein 
aerogels showed approximately 8% weight loss as water at 100 °C, without further 
degradation until 215 °C.  With 2.5% clay and 10% casein, an aerogel with a density of 
0.108 g/cm3 and a modulus of 3.0 MPa was produced.  The research also demonstrated the 
production of casein aerogels with compressive modulus of as high as 35 MPa when the 
casein concentration was increased to 20% [42]. 
Pectin is an example of a polysaccharide used to reinforce a clay aerogel which also show 
biodegradability while in a landfill, at rates faster than wheat starch [44].  Their mechanical 
properties are able to be tuned through the addition of cations which act to ionically 
crosslink the polymer chains.  Pectin can be dissolved in water and freeze-dried to create a 
polymer aerogel without clay.  At 2.5% pectin, the compressive modulus is only 40 kPa, 
however at loadings up to 15%, it has been demonstrated that the modulus improves to 48 
MPa.  Once 5% clay is added to create a composite pectin/clay aerogel, those values further 
increase 290kPa and 114 MPa for the 2.5% and 15% pectin compositions, respectively [44].  
The densities for these aerogels range from 0.03 g/cm3 to 0.19 g/cm3.  A similar 
improvement in mechanical properties is observed through the addition of cations to the 
solution.  Adding 0.003 moles of Al3+ per gram of pectin in the starting solution increases 
the compressive modulus from 0.07 MPa in the un-crosslinked 5% pectin system to 1.2 
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MPa in the ionically crosslinked 5% pectin system.  When 5% Na+ montmorillonite is 
added to the same 5% pectin solution crosslinked with 0.003 moles of Al3+ per gram, the 
resulting compressive modulus reached 6.8 MPa [44]. 
Alginate, like pectin, is a polysaccharide that can have its mechanical properties tuned 
through the addition of cations, particularly Ca2+, which has been shown to produce large 
improvements in the strength of the gel as well as the compressive modulus of the 
associated aerogel [45,47,162,163].  Also like pectin, alginate can form aerogels without the 
need for clay.  At 5% alginate, the resultant aerogel has a compressive modulus of 0.99 
MPa at a density of 0.047 g/cm3.  At 15% alginate, this value increases to 46 MPa at a 
density of 0.131 g/cm3.  Once 5% clay is added to form an alginate/clay composite aerogel, 
the compressive modulus and density of the aforementioned 5% alginate and 15% alginate 
increases to 5.8 MPa at a density of 0.085 g/cm3 and 97 MPa at a density of 0.174 g/cm3, 
respectively.  Furthermore, alginate/clay aerogels possess remarkable flame retardation 
characteristics.  A 5% alginate/5% clay aerogel did not sustain a flame, had a peak heat 
release rate of 32 kW/m2, and 53.3% of the mass remained as residue after the test had 
concluded [45]. 
 
1.7   THERMAL PROPERTIES OF AEROGELS 
The most common use of aerogels is as insulating materials.  It was recognized by Kistler, 
and many others early on that the diaphanous silica aerogel was a perfect insulation 
material.[36] It has been argued that this is its most attractive property considering that 
thermal insulation correlates directly to energy efficiency of equipment and structures.  
Their outstanding insulation properties are due to their low densities, with most of their 
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volume consisting of air, as well as their small pore sizes.  Heat is transferred to and through 
materials in the forms of conduction, convection and radiation.  Heat transfer in porous 
media is described by the equation of heat transfer.  The equation for heat transfer is 
expressed as: 
     ∇?⃗? + Φ = 𝜌 ∙ 𝑐 ∙
𝜕𝑇
𝜕𝑡
         (14) 
     ?⃗? = −𝜆∇𝑇          (15) 
where q is heat flux density, λ is the three dimensional tensor of the thermal conductivity, 
ρ is density, c is the specific heat, Φ is the heat source and T is the local temperature.  
Equation 1 reflects the law of conservation of energy and balances the heat flux across the 
boundaries of a finite volume.[36]  Equation 2 is Fourier’s law which states that the heat 
flux density is directly proportional to the local temperature gradient and therefore defines 
the thermal conductivity λ.[36]  The heat source, Φ, describes the influence of phase 
transitions or sorption processes within an aerogel related to the gain or loss of thermal 
radiation and the release or uptake of reaction enthalpies.   
In most cases, heat transfer within aerogels is based on three mechanisms:  heat conduction 
through the solid backbone, heat transfer within the gaseous media present in the open-
porous aerogel structure and by radiative heat transfer.  This is shows diagrammatically in 
Figure 27.  In opaque aerogels, heat transfer is governed by diffusion mechanisms:  the 
diffusion of phonons and photons.  The magnitude of diffusive heat transfer in the gaseous 
phase depends on factors relating to the pore size, type of gas present and gas pressure. 
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Heat transfer via the solid backbone in aerogels depends upon the backbone structure, 
connectivity and its chemical composition.  For a given temperature, heat is transferred by 
diffusing phonons through the chains comprising the aerogel backbone.  The mean free 
path of the phonons is much smaller than the dimensions of the mostly amorphous, 
dielectric primary particles.  Heat transfer in the gaseous phase is governed by the mean 
free path of the diffusing gas molecules.  In general, the characteristic pore size within 
aerogels is far below the micron range.  This means that heat transfer via the gaseous phase 
within the aerogel structure is reduced compared to the heat transfer in a free gas.  
Therefore, aerogels have been demonstrated to possess total thermal conductivity values 
below the thermal conductivity of atmospheric air (0.026 W/m∙K) at ambient temperature.  
The nature of radiative heat transfer within an aerogel depends upon the optical thickness 
of the sample.  For optically thick aerogels, such as most organic, opacified or carbon 
aerogels, radiative heat transfer is governed by the diffusion of photons.  Photons interact 
in very short distances in comparison to the macroscopic dimensions of the aerogel 
backbone.  To further improve the thermal insulation properties of silica aerogels, infrared 
opacifiers are embedded into the aerogel matrix.  The infrared opacifiers act to increase the 
optical thickness and therefore reducing radiative heat transfer in the sample.  By 
integrating highly absorbing or scattering particles, such as carbon black or titanium 
dioxide, into the matrix in low concentrations, the radiation extinction will be enhanced 
without increasing the solid heat transfer through the backbone. 
Figure 28 shows a diagram coupling the effect of the heat transfer via conduction through 
the aerogel backbone with heat transfer within the gaseous phase surrounding the 
backbone.  In the evacuated condition on the far left, heat can only travel through the thin 
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conjoined neck regions that make up the aerogel backbone.  The constriction of the heat 
flow to the small contact area indicates there is a high level of thermal contact resistance 
(Rc) resulting in a very low thermal conductivity.  As a gas enters the porous structure, 
effects of the convective heat transfer via the gaseous phase are added to the conductive 
heat transfer through the aerogel backbone.  The heat transfer is no longer confined to only 
the thin neck region, it may now pass through some of the surrounding gas molecules.  This 
leads to a medium Rc at low gas pressures and an increase in thermal conductivity over the 
evacuated aerogel system on the left.  Finally, at high gas pressure seen on the right hand 
side of the image, heat transfers through large volume of surrounding gas molecules even 
more effectively.  This results in a “thermal shortcut” which results in even higher observed 
thermal conductivities and lower values of Rc than in the low gas pressure or evacuated 
states.   
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Figure 1:  The cometary and interstellar aerogel grid used on the Stardust spacecraft to 
capture particles from the comet 81P Wild 2.  Silica aerogels were fabricated independently 
and placed into the cells of the grid.[36] 
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Figure 2:  Artist’s rendition of the aerogel collection grid, a panel comprised of an array 
of silica aerogel, deployed from the Stardust spacecraft in January 2004.  The mission 
objective was to capture hypervelocity cometary particles from the comet 81P Wild 2.[36] 
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Figure 3:  Artist image of the Mars Exploration Rover that explored the surface of Mars 
in 2004.  Silica aerogel was used as the thermal insulation material to protect the Warm 
Electronics Boxes (WEB) onboard the rovers from the extreme temperatures present in the 
Martian environment for an extended period of time.[36] 
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Figure 4:  Artist rendition of the envisioned manned mission to Mars by NASA.[36] 
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Figure 5:  Concept for an inflatable decelerator from the Inflatable Re-entry Vehicle 
Experiment (IRVE) Project.[36] 
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Figure 6:  Preparation of aerogels and xerogels using sol-gel chemistry.[36]  
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Figure 7:  Examples of consumer products currently in the market containing aerogels.  A.  
Toasty Feet insoles, B.  Elite Nanogelite bottle, C.  Dunlap Aerogel 200 tennis racket.[36] 
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Figure 8:  Summary of the key structural parameters in an aerogel.[36] 
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Figure 9:  (a) and (b) display a state in which all of the cells of the lattice are occupied by 
monomer (open circle), as in the Flory-Stockmayer model of gelation.  The black lines 
represent chemical bonds between monomers.  (c) shows the model of gelation were the 
monomer is represented by open circles and the solvent molecule appears as a point. 
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Figure 10:  Table containing the critical point conditions for common solvents.  The 
critical conditions for CO2 occur at 31 °C and 7.37 MPa, as indicated by the phase diagram. 
[53] 
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Figure 11:  An artist opening a 20 L supercritical fluid extractor after a 48 hour run. [36] 
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Figure 12:  Schematic of the “string of pearls” morphology present in silica aerogels. [164] 
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Figure 13:  Evolution of the hierarchical structure development within an aerogel.[36] 
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Figure 14:  Reaction scheme for silica aerogels reinforced with epoxy.  The scheme shows 
the pearl necklace structural architecture, with the neck region decorated with amine to 
undergo reaction with the addition of the epoxy.[165] 
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Figure 15:  One pot reaction scheme diagrammatically showing a greener approach to 
synthesize epoxy reinforced silica aerogels.[166] 
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Figure 16:  Possible reinforcing mechanisms for silica aerogels using reactive groups on 
the silica surface.[36] 
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Figure 17:  Reaction scheme for aerogels made from resorcinol with formaldehyde.[103] 
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Figure 18:  Reaction scheme for aerogels made from melamine with formaldehyde.[104] 
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Figure 19:  Slentite® commercial polyurethane aerogel insulation panels marketed by 
BASF along with the SEM showing its high degree of porosity and pore structure. 
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Figure 20:  Plot comparing the compressive modulus of polyamide aerogels with 
polyimide and silica aerogels.[57] 
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Figure 21:  Polyimide aerogels can be fabricated as a thick insulation panel or as a thin 
film (left) and are able to support the weight of a car (right).[149] 
 
 
  
84 
 
 
 
Figure 22:  An antenna array fabricated from polyimide aerogel acting as the low dielectric 
substrate is being tested in the Far Field Range at NASA Glenn.[4] 
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Figure 23:  Dielectric constants for polyimide aerogels scales with density independent of 
the backbone structure.[150] 
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Figure 24:  Generalized synthetic scheme of polyimide aerogels with BTC cross-linker.  
[157] 
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Figure 25:  The chemical and layered structure of montmorillonite according to Hofmann, 
Endell, Wilm, Marshall, Maegdefrau and Hendricks.[24]   
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Figure 26:  SEM image showing the particulate structure of native Na+ montmorillonite 
clay compared with the laminar ice-templated structure of the Na+ montmorillonite clay 
aerogel.[167] 
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Figure 27:  Depiction of the heat transfer mechanisms occurring in the internal structure 
of an aerogel.  Heat is transferred via conduction through the aerogel skeletal structure 
(indicated by the red polymer chain), by thermal radiation (indicated by the yellow arrows) 
and by gas molecules present in the porous structure (depicted by the motion of the blue 
dots).[36] 
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Figure 28:  Diagram showing the coupling effect between the heat transfer within the 
gaseous and solid phases of an aerogel.  The thermal contact resistance (Rc) is dependent 
upon the pathway for heat transfer.  At a high level of Rc, the heat can only travel though 
the neck region in the aerogel skeleton.  With gas present, other heat transfer pathways 
become available reducing the Rc.
[36] 
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2.1   ABSTRACT 
The structure/property relationships of polymer/clay aerogels interfused with uniformly 
distributed air bubbles were examined.  Through the incorporation of a polyelectrolyte in 
a montmorillonite (MMT) clay solution, the viscosity was systematically changed by the 
addition of ions with different charges.  The bubbles were achieved via high speed mixing 
and were stabilized through the use of the surfactant sodium dodecyl sulfate (SDS).  As the 
charge of the ion increased from +1 (Na+ ions) to +2 (Ca2+ ions) to finally +3 (Al3+ ions), 
the modulus of the resultant aerogels increased.  The foamed polymer/clay aerogels showed 
a reduction in thermal conductivity while retaining similar mechanical properties to 
unfoamed polymer/clay aerogels.  The most promising composition was one which 
contained 5% MMT clay/5% poly(vinyl alcohol)/0.5% xanthum gum/0.5% SDS/0.2% 
Al2(SO4)3∙6(H2O) possessing a density of 0.083 g/cm3, an average modulus of 3.0 MPa, 
and a thermal conductivity of 41 mW/m∙K.   
 
2.2   INTRODUCTION 
Polymer/clay composites have been an area of extensive research that has resulted in 
several commercial products.  These composite materials typically rely upon exfoliation of 
layered, smectite clays, such that individual clay platelets are dispersed within a polymeric 
phase, generating a network which can transfer physical loads, and can serve to create both 
polymer crystallization and confinement.1  The requirement of exfoliation (typically an 
endothermic step) and the generally high level of incompatibility of silicates with organic 
polymers, make producing useful composites in this manner difficult. 
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Aerogels typically are porous inorganic materials composed primarily of air, with skeletal 
framework structures.  Silica is the material most commonly converted to aerogels.  Silica 
aerogels have been utilized in applications ranging from sensors, catalyst supports, 
thermal/acoustic insulation and as collection media for particles found in space.2,3  
Applications dictating the use of an extremely low density material were the catalyst for 
the use of aerogels in the aforementioned applications.  Unfortunately, these materials 
suffer from high manufacturing costs.  The structural features of highly compressible “gel 
skeletons” produced by vacuum sublimation of frozen thixotropic clay gels in water or 
benzene were first described by Weiss,4 Hoffman,5 and Norrish.6  Processing parameters 
for clay aerogels, and the definition of a structure in which clay particles are linked edge-
to-face much like a “house of cards” owing to opposite surface and edge charges that exist 
in clays were reported by Van Olphen.7  The effects of process parameters, such as clay 
concentration and freezing rates, upon the size and shape of resultant clay aerogels was 
investigated by Nakazawa.8  Building on this, a reproducible method of producing 
organically modified clay aerogels has been followed for this research.9 
Typical drawbacks of clay aerogels in comparison to silica aerogels are the lower 
mechanical properties, particularly in compressive testing as well as higher thermal 
conductivities.10  The method commonly used to improve the properties of the clay 
aerogels is incorporating a polymer into the clay aerogel, resulting in a composite with 
similar densities and structures, but improved mechanical properties.11-15  One could 
postulate that the thermal conductivities of polymer/clay aerogels could be reduced to 
levels approaching those of silica aerogels through the incorporation of uniformly 
distributed bubbles of air of nearly unvarying diameters into the aerogel precursor.  After 
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freeze-drying the entrapped bubbles would then end up creating controlled voids in the 
aerogel structure.  Added dimensions of difficulty arise from the dynamic duality of the 
simultaneous expansion of water and contraction of air during the freezing process.  
Concurrent to this obstacle is the secondary goal of maintaining the existing level of 
mechanical properties produced in standard polymer/clay aerogels. 
Bubbles at equilibrium join together to form structures in which sets of threes individual 
bubbles come together in trigonal geometries at equal 120° angles.16  Traditional bubble 
theory dictates that bubbles form when jostling liquid molecules create pockets of low 
density in the liquid containing fewer molecules than surrounding regions.  Most of the 
time, other molecules will just rush in to fill in these air pockets.  However, an exodus of 
molecules can also occur, causing the pockets, or bubbles, to grow.17  Due to hydrodynamic 
break-up, the upper limit of bubble diameter in aqueous systems is approximately 1 cm.16  
The larger the bubble, the less approximate the spherical shape will be owing to 
hydrodynamic distortions.  Bubbles of up to roughly 1 mm in diameter are essentially 
spherical.  Therefore, it is important that the bubbles created within the aerogels are less 
than 1 mm in diameter.  The current study explores the potential for incorporating air 
bubbles into polymer/clay aerogels, and the effects of these bubbles on mechanical and 
thermal properties of these low density materials. 
 
2.3   EXPERIMENTAL 
2.3.1   MATERIALS 
Sodium montmorillonite (MMT; Southern Clay Inc., Cloisite® Na+), was used as the clay 
mineral in preparation of all aerogels.  Poly(vinyl alcohol) Mw 195,000 g/mol (Sigma-
Aldrich) was the polymer used to reinforce the matrix of clay platelets.  Sodium chloride 
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and sodium dodecyl sulfate (SDS) (Fisher Scientific), calcium acetate hexahydrate and 
aluminum sulfate hexahydrate (Sigma-Aldrich) and xanthum gum (Vanderbilt Minerals) 
were all used as received.  SDS was used as a surfactant to compatibilize the bubbles and 
stabilize their volume.  SDS was vital to maintaining nearly consistent bubble diameters 
uniformly distributed throughout the polymer/clay matrix. 
 
2.3.2   AEROGEL PREPARATION 
Clay aerogels were prepared as previously published.9  Polymer/clay/water gels containing 
1-10 wt% solids were produced in a Waring Laboratory model blender (22,000 rpm free 
range speed) for 3-5 min.  The resulting gel suspensions appeared homogeneous, with no 
evidence of phase separation over the duration of their use.  The gel suspensions were 
poured into 18 dram polystyrene vials and submersed in a solid carbon dioxide/ethanol 
bath at -70 °C.  Once frozen, the samples were placed into a SP Scientific Virtis AdVantage 
2.0 Bench Top Lyophilizer, serial number 218844.  The shelf temperature was set to -70 
°C, the condenser coil was set to -85 °C.  Once a vacuum of 40 μbar was achieved, the 
temperature of the shelf was set to 25°C in order to sublime the water from the frozen gel 
suspensions.  After 72 hours, all samples were removed from the freeze drier, and the 
resultant polymer/clay aerogels were characterized.  Two 12”x12”x1” panels were 
prepared in a Millrock Technologies RD-85 commercial freeze drier equipped with 4 
shelves (8 sq ft of shelf space) and a 30L condenser; the aerogel precursor was poured into 
thin walled aluminum molds which were then frozen on a cold-plate cooled with solid 
carbon dioxide and methanol. 
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2.3.3   MECHANICAL CHARACTERIZATION 
Once freeze dried, the resultant cylindrical aerogels (approximately 20 mm in diameter and 
45 mm in height) were tested using a MTS (model 2525 ReNew upgrade package 5565) 
tensile instrument equipped with a 1000 N load cell.  As standard with mechanical testing 
carried out on aerogels, their properties under compression were tested.  In order to prepare 
the aerogels for compression testing, each was cut to a height of 20 mm using a band saw.  
A total of 10 samples for each formulation were tested, with the exception of the control 
which had 2 samples tested.  The ultimate strain was set to a value of 0.85, i.e. 85% of the 
total linear distance. 
 
2.3.4   RHEOLOGICAL CHARACTERIZATION 
Viscosity testing was performed using a ThermoScientific Haake Mars II Rheometer.  The 
viscosity was tested in rotational mode using a titanium cone with a 2° draft and flat plate.  
It was important to determine the viscosity as it provided additional data concerning the 
effects of multivalent ion addition on the gels before they were frozen; as soon as the gels 
were prepared, their viscosities were determined.  Approximately 5 mL of the gel was 
required for testing.  The frequency of the rotation speed was set to sweep from 0.1 s-1 to 
100 s-1. 
 
2.3.5   THERMAL PROPERTY CHARACTERIZATION 
Thermal conductivity was measured using a LaserComp Fox 314 heat flow meter.  The 
testing was performed at a mean temperature of 22.5°C.  The Fox 314 machine conforms 
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to ASTM C518 - Test Method for Steady-State Thermal Transmission Properties by Means 
of the Heat Flow Meter Apparatus. 
 
2.4   RESULTS AND DISCUSSION 
A series of poly(vinyl alcohol)/clay aerogel materials, modified by the addition of xanthan 
gum and metal ions were prepared (Table 1) and tested to determine the effect of the 
increase in ionic strength on the resulting viscosities and mechanical properties.  Xanthum 
gum was used as a rheological control during bubble formation.  This additive is typically 
used as a rheological control agent for aqueous systems, most often to increase the viscosity 
in food preparation, or to stabilize emulsions.  Xanthum gum forms a colloidal network of 
intermolecular hydrogen bonding among the helical rod segments.18  This hydrogen 
bonding, coupled with limited chain entanglement, produces a highly viscous system. 
Xanthum gum, is a polyelectrolyte carbohydrate, and therefore an increase in the ionic 
strength of the aqueous solution will result in an increase in viscosity.  Various salts were 
used to increase the ionic strength and viscosity, with the intent of better stabilizing air 
bubbles to be entrapped in the gel during suspension production and subsequent freezing. 
Solution viscosities increased as the charge of the metal ions was increased; it is to be 
expected that an increase in the ionic strength of a polyelectrolyte solution will increase 
the viscosity and mechanical strength of the solution through strong ionic interactions 
between the pendant groups of the main chain.  Thus, as the ionic charge increases from a 
monovalent ion, Na+ to a divalent, Ca2+ to ultimately a trivalent ion, Al3+ the viscosity and 
mechanical strength should increase monotonically.  The aluminum sulfate formulation 
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continued to have the viscosity of a paste several hours and days after creation.  As can be 
observed in Figure 1, the solution modified by Al3+ had a significantly higher viscosity. 
A significant observation can be made from the features of the curves.  Looking only at the 
control (sample A), the curve shows a typical non-Newtonian shear-thinning fluid.  As the 
shear stress increases, there is a steady, nearly linear downward trend.  All of the other 
curves display a similar non-Newtonian shear-thinning fluid as well, however, they also 
display an interesting feature observed in highly foamed systems, where a dramatic change 
in the slope is observed.  This is attributed to the collapse of the foam matrix as the air 
bubbles merge together and are expelled from the matrix.  Once the bubble cellular 
structure has collapsed, the curves once again display a typical non-Newtonian shear-
thinning fluid. 
It was observed that, owing to an increase in viscosity, a stabilized open-cell foam structure 
could be produced.  This novel aerogel structure may lead to the production of 
polymer/clay aerogels with a reduced thermal conductivity.  Therefore, it became 
important to create and characterize foamed aerogels through mechanical and SEM 
imaging.  As seen in Figure 2, a foam-like structure with uniform bubble diameters was 
created and is quite consistent with an average diameter of approximately 100 μm.  Equally 
important is the consistent distribution of the bubbles within the overall structure.  This 
foamed polymer/clay aerogel can be created, with the proper formulation, simply by 
mechanical shearing at a high shear rate (~12,000 rpm). 
The second issue addressed, after bubble formation, was achieving a uniformly distributed 
bubble system.  It was important to ensure that the bubbles would not agglomerate and 
99 
 
form large defects in the aerogel matrix.  This issue was solved through the use of a 
surfactant.  The surfactant acted as a compatibilizing agent allowing the bubbles in the gel 
matrix to form a uniform dispersion.  SDS was chosen because it is a readily available, 
inexpensive surfactant.  Once again, based on the SEM image seen in Figure 2, the SDS 
proved to be an effective compatibilizing agent. 
Typically, it is difficult to overcome the expansion/contraction duality of the foamed 
mixture during the freezing process in a typical polymer/clay aerogel solution.  It is 
universally known that water expands during freezing and air contracts.  It was therefore 
determined that the viscosity of the mixture and the strength of the walls between the 
bubbles must be increased in order to prevent the migration of the bubbles during freezing 
and maintain the uniformity of the cellular structure.  The viscosity modifier, xanthum 
gum, with added salts was effective at augmenting the viscosity to support the desired 
cellular foam structure. 
This type of open cell structure was compared with a standard 5% MMT clay/5% PVOH 
aerogel.  To ensure that a bubbled solution did not form in the control sample, first a 10% 
by weight solution of 195,000 Mw PVOH and water was created.  Next, 25 mL of DI water 
and 2.50 g of MMT clay were measured and mixed in a Waring Laboratory model blender 
(22,000 rpm free range speed) on high for 3 minutes.  The 10% MMT clay solution was 
added to 25 mL of 10% PVOH solution, thusly creating a 5% MMT clay/5% PVOH 
solution.  Once combined, the solution was mixed with a low speed hand mixer until 
homogenous. 
100 
 
The freeze dried, open-cell foam like compositions were compression tested to compare 
their respective moduli and toughness.  In comparison to the control sample, a standard 
montmorillonite clay/PVOH aerogel (Table 1, sample A), all compositions had a higher 
modulus and greater toughness.  Unfortunately, this did come at the cost of a higher density.  
It is interesting to note that while the aluminum sulfate-containing sample did have the 
highest modulus, as predicted; it did not exhibit the greatest toughness.  The sample 
containing NaCl showed the greatest toughness among the compositions as seen in Figure 
3.  Figure 4 clearly mirrors the trend observed from the viscosity data.  As the charge 
increases, the modulus increases as well.  Figure 5 shows the specific moduli of the 
samples prepared, dividing the moduli by the sample densities to account for densification 
of materials (it is well established that denser polymer/clay aerogels generally exhibit 
greater mechanical properties).  As with the moduli, the specific moduli directly reflect the 
sample viscosities and the progression from mono- to di- to trivalent salt addition. 
The control montmorillonite clay/PVOH aerogel containing 5% clay/5% PVOH (sample 
A) exhibited a thermal conductivity of 52 mW/m∙K, whereas composition D showed an 
average thermal conductivity of 41 mW/m∙K, a reduction of 22%.  So, while the density of 
the aerogel increased from 0.055 to 0.083 g/cm3 in the aerogel samples, the bulk thermal 
conductivity decreased.  This counter-intuitive trend in density vs. thermal conductivity 
can be attributed to the incorporation of air bubbles into the composite matrix, lowering 
the average thermal conductivity of the material. 
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2.5   CONCLUSIONS 
Foam-like polymer/clay aerogels can be created and stabilized through the use of viscosity 
modifying agents such as xanthum gum which increase the viscosity to the point that 
bubbles will remain trapped within the polymer/clay matrix during the freeze drying 
process used to produce aerogels in this study.  The present work was carried out with the 
express intent to reduce the thermal conductivity. The most promising composition was 
one which contained 5% MMT clay/5% poly(vinyl alcohol)/0.5% xanthum gum/0.5% 
SDS/0.2% Al2(SO4)3∙6(H2O) possessing a density of 0.083 g/cm3, an average modulus of 
3.0 MPa, and a thermal conductivity of 41 mW/m∙K.  Incorporation of salts into the 
polymer/clay solutions prior to freeze drying increased the ionic strength of the 
polyelectrolyte, both increasing the viscosity, as well as increasing the mechanical 
properties of the aerogels by as much as a factor of eight; mechanical property 
enhancements do, however, come at the cost of increasing sample density. 
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Table 1:  Constituents of foamed aerogel compositions. 
 
 
 
  
Sample MMT Poly(vinyl alcohol) Xanthum Gum SDS Salt Water Density
A 2.50 g 2.50 g ------ ------ ------ 50.0 g 0.0545 g/cm
3
B 2.50 g 2.50 g 0.25 g 0.25 g 0.1 g NaCl 50.0 g 0.0668 g/cm3
C 2.50 g 2.50 g 0.25 g 0.25 g 0.1 g Ca(C2H3O2)2·6(H2O) 50.0 g 0.0763 g/cm
3
D 2.50 g 2.50 g 0.25 g 0.25 g 0.1 g Al2(SO4)3·6(H2O) 50.0 g 0.0827 g/cm3
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Figure 1: Viscosities of the compositions as a function of shear. 
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Figure 2:  SEM image at 75x magnification showing the internal foam structure of 
composition D. 
 
  
107 
 
 
Figure 3:  Compressive stress vs. strain for the foamed aerogel compositions. 
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Figure 4:  Moduli (MPa) for the respective compositions.  The number of samples tested 
(n) were n=2 for the control, and n=10 for the compositions containing NaCl, Ca(C2H3O2)2, 
and Al(SO4)3. 
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Figure 5:  Specific moduli (MPa∙cm3∙g-1) for the respective compositions.  The number of 
samples tested (n) were n=2 for the control, and n=10 for the compositions containing 
NaCl, Ca(C2H3O2)2, and Al(SO4)3. 
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CHAPTER 3 
 
 
INCORPORATION OF POST-CONSUMER POLYURETHANE FOAM INTO A POLYMER/CLAY 
AEROGEL MATRIX 
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3.1   ABSTRACT 
The feasibility of incorporating ground recycled polyurethane (PU) foam into clay/polymer 
aerogels was demonstrated and a range of compositions were prepared and characterized 
to determine the effect of variation in the formulations on density and mechanical 
properties of the resulting materials.  The study followed a modified combinatorial 
approach.  Initially, experiments were performed in water using either sodium exchanged 
montmorillonite or laponite clay, poly(vinyl alcohol) (PVOH) solution as the polymer 
binder, and the recycled PU foam. Freezing and freeze-drying the aqueous gels produced 
aerogels, which were characterized through density and mechanical testing, scanning 
electron microscopy, and thermal gravimetric analysis.  The study was expanded by 
exploring alternative binder chemistries, including the use of an alginate polymer in place 
of the PVOH, or adding a polyisocyanate as across-linking agent for PVOH.  The effect of 
recycled PU foam content, clay type and level, and binder type and level on mechanical 
properties of the aerogels were determined and will be discussed herein. 
 
3.2   INTRODUCTION 
Insulation for appliances, such as refrigerators, is typically manufactured from closed-cell 
polyurethane (PU) foams, a family of products that are quite effective throughout the life 
of the appliances.  Presently only certain parts of appliances (primarily metals, refrigeration 
gasses, and foam blowing agents) are recovered and/or recycled once they have come to 
the end of their useful lives.  The polyurethane foam insulation is currently not one of the 
reused components; the work described herein is an effort to create a new option for 
recycling of this large volume material into new low density hybrid inorganic/organic 
aerogel products. 
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Clay/polymer composites have been an area of extensive research over the past decade.  
These composite materials rely upon exfoliation of layered, smectite clays, providing 
homogeneous dispersion of filler within a polymeric phase, to generate a network which 
can transfer physical loads, vitrifies the polymer via hydrogen bonding, and/or 
modification of polymer crystallization and morphology.1,2 An alternative method of 
forming clay/polymer composites takes advantage of the high dispersability of smectite 
clays in water.  The structural features of highly compressible “gel skeletons” produced by 
vacuum sublimation of frozen thixotropic clay gels in water or benzene were first described 
by Weiss,3 Hoffman,4and Norrish.5  Processing parameters for clay aerogels, and the 
definition of a structure in which clay particles are linked edge-to-face much like a “house 
of cards” owing to opposite surface and edge charges that exist in clays were reported by 
Van Olphen.6  The effects of process parameters, such as clay concentration and freezing 
rates, upon the size and shape of resultant clay aerogels was investigated by Nakazawa.7 
Schiraldi and coworkers have reported the effects of integrating polymers into these freeze 
dried clay aerogel systems. 8 -16 
Household refrigerator recycling operations take the closed cell foam insulation recovered 
from discarded refrigerators and grind it into a fine powder under reduced pressure to break 
open the cells.  This reduced pressure milling process allows recovery of the blowing agent 
contained within the foam cells, thus preventing its uncontrolled release; some of these 
agents are ozone depleting and/or have high global warming potential.  In the present work, 
ground, recycled PU foam is combined with clay and a polymeric binder, and then freeze-
dried into aerogel structures. This approach could allow reuse of the PU insulating 
materials, with minimal negative environmental impact.  Because of the ease of tuning 
113 
 
polymer/clay/binder formulations in such aerogels, a wide range of mechanical properties 
could be expected from the new compositions. 
 
3.3   EXPERIMENTAL 
3.3.1   MATERIALS 
Sodium montmorillonite (MMT; Southern Clay Inc., PGW grade) was used as the clay 
mineral in preparation of the specific aerogel compositions.  Poly(vinyl alcohol) (PVOH; 
MW 195,000 g/mol, Sigma-Aldrich), ammonium alginate (Fisher Scientific), Dispercol®l 
U53 (anionic high molecular weight polyurethane dispersion) (Bayer MaterialScience 
LLC) was used to reinforce the matrix of clay platelets and bind the ground postconsumer 
PU foam or “fluff” (supplied by JACO Environmental of Dana Point, CA. As supplied, the 
PU fluff has a density of 184 Kg/m3 and is >99% pure with no detectable residual blowing 
agent.).  Bayhydur® 302 (1,6-hexamethylene diisocyanate-based polyisocyanate modified 
to be water dispersible (isocyanate equivalent weight of  243 g/eq. NCO; available from 
Bayer MaterialScience LLC) was used to crosslink PVOH in some formulations.  Water 
was deionized using a Barnstead ROpure low-pressure, reverse osmosis system. 
 
3.3.2   AEROGEL PREPARATION 
The desired quantities of clay were weighed and combined with 100 mL DI water in a 
Waring Laboratory model blender (22,000 rpm free range speed) for 1-3 minutes to ensure 
homogeneity.  The desired amount of ground PU foam was then added to the clay/water 
gel and once again mixed in the blender for 1 minute.  Separately, the specific polymer 
binder for a particular aerogel was dissolved in DI water.  The clay/foam gels were then 
combined with the polymer/water solutions using a hand mixer to minimize the amount of 
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bubbles captured by the viscous gel.  The resulting gel suspensions appeared homogeneous, 
with no evidence of phase separation.  The gel suspensions were added to 15 dram 
polystyrene vials, capped, submersed in an ethanol/solid carbon dioxide freezing bath (-
70° C), and then freeze dried using a SP Scientific Virtis AdVantage 2.0 Bench Top 
Lyophilizer.  The shelf temperature and condenser coil in the lyophilizer were set to 
temperatures of -70° C and -85° C, respectively.  After a vacuum of 40 μbar was achieved, 
the temperature of the shelf was increased to 25° C in order to sublime the water from the 
frozen gel suspensions.  After 72 hours, all samples were removed from the freeze drier, 
and the resultant polymer/clay aerogels were characterized.  For clay-free aerogel 
compositions, the same procedure was followed, except that only the low sheer mixer was 
used. 
 
3.3.3   PREPARATION OF A GROUND POLYURETHANE FOAM AEROGEL 
In order to produce a 1% polyurethane foam/5% MMT clay/5% PVOH aerogel 
composition (percentages are based on the wet composition by weight), 50 mL of deionized 
water was combined with 5 g of MMT clay in a high-shear blender and mixed for 1-3 
minutes, periodically checking the dispersion to ensure homogeneity.  Once homogenous, 
1 g of PU foam was added, in several aliquots, mixing until homogeneous.  Separately, a 
10 wt% PVOH solution in deionized water was prepared.  To the aforementioned PU 
foam/clay solution, 50 mL of the recently created 10 wt% PVOH solution was added.  The 
newly created PU foam/clay/PVOH solution was added to a plastic container and mixed 
under low-shear conditions.  The mixture was blended for an additional 1-3 minutes to 
ensure homogeneity. 
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3.3.4   PREPARATION OF PVOH CROSS-LINKED WITH BAYHYDUR® 302 
As described above, desired quantities of clay were weighed and combined with 100 mL 
DI water in a Waring Laboratory model blender (22,000 rpm free range speed) for 1-3 
minutes to ensure homogeneity.  The desired amount of ground PU foam was then added 
to the clay/water gel and once again mixed in the blender for 1 minute.  Separately, 10 g 
of PVOH (227 meq. -OH) were dissolved in 100 mL of water.  To the 10 wt% PVOH 
solution, 2.761 g (11.4 meq. NCO) of Bayhydur® 302 was added, along with 3 drops of 
dibutyltin dilurate as a catalyst.  Immediately upon addition of Bayhydur® 302 and the 
catalyst, the solution became cloudy-white and increased in viscosity.  The clay/foam gels 
were then combined with the cross-linked PVOH suspension using a hand mixer to 
minimize the amount of bubbles captured by the viscous gel.  The resulting gel was frozen 
and subsequently lyophilized in the aforementioned manner. 
 
3.3.5   MECHANICAL CHARACTERIZATION 
Once freeze dried, the resultant cylindrical aerogels (approximately 20 mm in diameter and 
45 mm in height) were tested using an MTS model 2525/ReNew upgrade package 5565 
mechanical tester equipped with a 1000 N load cell.  As is standard with mechanical testing 
carried out on aerogels, their properties under compression were tested.  Bulk densities of 
the aerogels were obtained through careful dimensional measurement (height and 
diameter) using digital calipers along with determination of the mass.  In order to prepare 
the aerogels for compression testing, each monolith was cut to a height of 20 mm using a 
band saw.  The ultimate strain for the tester was set to a value of 0.75, i.e. 75% of the total 
linear distance.  Five samples were tested for each composition. 
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3.4   RESULTS AND DISCUSSION 
A series of aerogels containing different levels and ratios of ground recycled PU 
foam/montmorillonite clay/poly(vinyl alcohol) (MMT/PVOH) were produced and 
characterized.  The compositions, densities, and compressive properties of each 
formulation are given in Table 1.  As is evident from Table 1, hybrid inorganic/organic 
aerogels having a range of densities (0.058-0.19 g/cm3) and compressive moduli (0.35-21.9 
MPa) can be achieved over the design space evaluated in this work. 
The first trend that can be noted here is that the moduli for each group correlated with the 
concentration of PVOH.  As seen in both Figures 1 and 2, the 10% PVOH loading 
possessed a significantly higher modulus than the two lower levels of PVOH binder content 
(7.5 and 5.0 %).  Next it was observed that the aerogel which possessed the highest modulus 
was 1% foam/5% MMT clay/10% PVOH (21.9 MPa).  This is not surprising as it contained 
the highest loading of clay and polymer, and the smallest loading of PU foam.  In this 
system, the polymer has an affinity for the MMT clay platelets due to electrostatic 
attraction.  The PU foam, in contrast, would not be expected to interact similarly with the 
PVOH; the foam appears to act as a diluent, negatively impacting those aerogels produced 
with high concentrations of solids, and behaving as a benign additive in lower polymer 
concentration aerogels. 
Observations based on Figures 3 and 4 indicated that the PU foam (seen as dark regions) 
was not homogenously distributed throughout the aerogel matrix.  The PU foam (as a non-
reinforcing filler) forms aggregates which do not interact strongly with the matrix and 
ultimately reduce the compressive modulus of the aerogels. 
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Scanning electron micrographs of an aerogel containing 5% foam/5% MMT clay/10% 
PVOH are shown in Figures 5-7.  The images clearly display the locations of foam 
particles that were trapped in the clay/polymer matrix.  It is believed that the areas where 
it appears there is a void in the sample indicates the location of a particle of the PU foam.  
The inability to see the foam particles in the SEM images suggest that the PU foam particles 
were likely removed during cutting and preparation of the samples for microscopy. This 
may be a result of poor adhesion between the PU foam particles and the matrix. 
Exploration of alternative binder chemistries proved more fruitful.  Alginate, also referred 
to as alginic acid, is an anionic polysaccharide found in the cell walls of brown algae.  It is 
extremely hydrophilic, capable of absorbing 200-300 times its dry weight in water.8  In its 
dry form, alginate is a yellowish-orange granular solid, with a sweet smelling aroma.  
Chemically, its structure is a linear block copolymer of β-D-mannuronate and α-L-
guluronate.  Commercially, alginate is extracted from three types of seaweed:  the giant 
kelp Macrocystis pyrifera, Ascophyllum nodosum, and various types of Laminaria.  
Alginate is also produced by two types of bacteria:  Pseudomonas and Azotobacter.  When 
the dry powder is mixed with water, it forms a homogenous gel and therefore finds use as 
a thickening agent in drinks, ice cream and cosmetics; alginate is self-extinguishing in the 
presence of a flame, and thus finds use in applications requiring fire-proof materials. 
Alginate was used as a binder to produce a series of PU foam containing/clay/alginate and 
neat PU foam/ alginate bound aerogels.  Compositions, densities and compressive 
properties of the resulting samples are shown in Table 2, Figures 8-9.  The series included 
samples containing PU Foam ranging from 1-5%, at a constant level of 5% MMT, as well 
as an analogous set of samples with 1-5% PU foam in the absence of any MMT. 
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As in the PVOH bound systems, samples having the highest polymer binder levels also 
showed the highest moduli.  The highest modulus achieved with alginate as a binder was 
an impressive 13.1 MPa from a sample containing 5% PU foam/5% MMT clay/10% 
alginate at a density of 0.164 g/cm3.  Interestingly, the foam/MMT clay/alginate systems 
show an inverse trend in moduli with respect to the previously described foam/MMT 
clay/PVOH system.  The MMT clay appears to play the role of compatibilizer between 
alginate polymer and PU foam, such that the resultant aerogels possessed higher moduli 
with increased loading of PU foam.  In the absence of the MMT clay, these samples showed 
the same trend as the PVOH bound samples, with increasing levels of PU foam resulting 
in decreasing modulus.  The ability of clay to serve as a synergist in systems with limited 
aerogel properties/limited water compatibility has been demonstrated before.14   
A series of 6 PU foam/MMT clay/Dispercoll® U53 aerogels were produced and tested. The 
compositions, densities and compressive properties of these aerogels are given in Table 3, 
Figure 10.  This was the first group in a series of polyurethane binders that we evaluated, 
in order to determine if a polyurethane binder could give increased modulus in the aerogels 
by helping to compatibilize the PU foam with the aerogel matrix. 
Although these polyurethane systems were able to produce aerogels, the moduli achieved 
were significantly lower than what we observed with the PVOH or alginate binders at 
similar clay and PU foam loadings.  Presumably, this is due to the lower modulus of the 
more flexible PU binder versus the alginate or PVOH system.  However, it should be noted 
that as expected, interaction between the PU foam and PU binder did result in a higher 
compressive modulus.  This is exemplified by the approximately 3.4 and 5-fold modulus 
increase upon increasing the PU foam level from 1-5% in the 7.5 and 10% PU binder 
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containing systems, respectively (see Table 3 and Figure 10).  This is significantly higher 
than what is observed using the alginate or PVOH binders, where increasing PU foam over 
the same range results either in a decreased, or in the best case, a more modest increase in 
modulus. 
In order to explore the effect of cross-linking of the PVOH binder on the mechanical 
properties of the resulting aerogels, a series of 6 PU foam/MMT clay/cross-linked PVOH-
aerogels were produced and tested.  The compositions, densities and compressive 
properties of these samples are given in Table 4, Figure 11.  The crosslinking of PVOH 
was performed with Bayhydur® 302 a 1,6-hexamethylene diisocyanate based 
polyisocyanate modified to be water dispersible.  Since this particular polyisocyanate was 
water dispersible, we attempted the crosslinking reaction of hydroxyl groups on the PVOH 
in water. We adjusted the stoichiometry to provide 1 eq. of NCO for approximately every 
20 eq. of OH side groups on the PVOH.   In order for this reaction to occur effectively at 
room temperature, three drops of dibutyltin dilurate catalyst, which is known to accelerate 
the reaction of the OH groups with the NCO groups, were added.  Immediately following 
the addition of the catalyst, the solution became cloudy-white, indicative of a chemical 
reaction occurring. 
Compression testing shows that the crosslinking reaction using Bayhydur® 302 did in fact, 
lead to increased modulus. In samples produced with MMT clay and 10% PVOH binder 
alone, increasing levels of PU foam gave decreasing modulus (line 10-14, Table 1), with 
the highest value (5.71 MPa) seen at 1% PU foam. In striking contrast, the cross-linked 
samples showed increasing modulus with increasing levels of PU foam.  In the cross-linked 
sample a modulus of 6.77 MPa was observed for the sample containing 5% foam/2.5% 
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MMT clay/10%PVOH, compared with 4.21 MPa for the analogous sample prepared 
without any added cross-linking agent.  Although it is apparent that this method of 
crosslinking was successful, it is also likely that the process could be improved upon.  Since 
this reaction occurs in water, a side reaction between the isocyanate and water may have 
produced a primary amine and CO2.  Further reaction between the nascent primary amine 
and another polyisocyanate molecule would produce a urea linkage, effectively decreasing 
the cross-link density that could be achieved in the absence of this side reaction with water. 
The results of Thermogravimetric Analysis (TGA), Figure 12, for the 5% PU foam/5% 
MMT clay/10% PVOH show that the sample contained 2.75% water.  This value is 
confirmed by the initial downward slope (blue curve labeled ‘water evaporation’) on the 
TGA curve corresponding to approximately 100°C. The onset of degradation of the PVOH 
occurred at 241.4°C, which is within the margin of error for the literature value.  Also, 
50.9% of the sample was found to be PVOH.  Degradation of the PU foam is likely to be 
responsible for the continued mass loss after the degradation of the PVOH was completed.  
At the maximum temperature of the test, we continued to see slow mass loss, presumably 
due to slow degradation of the PU foam. 
 
3.5   CONCLUSIONS 
The incorporation of PU foam into clay/polymer aerogels was successfully demonstrated 
and the resulting low-density hybrid organic/inorganic aerogel compositions were 
characterized.  The compressive moduli of these systems were strongly influenced by the 
choice and level of the clay, the binder, and the level of PU foam incorporated. 
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The highest modulus aerogels were achieved with low levels of PU foam and high levels 
of PVOH binder. In these systems, we believe the PVOH binder has an affinity for the 
MMT clay platelets through electrostatic attraction, resulting in maximum reinforcing 
effect on the matrix.  In contrast, the PU foam is not expected to interact with the PVOH 
binder and may disrupt the interaction of the PVOH and clay therefore reducing the 
compressive modulus of the resultant aerogel. 
Alginate/MMT clay systems displayed rather interesting properties, which were in 
diametric contrast to the mechanical characteristics displayed by the MMT clay PVOH 
systems.  The alginate appeared to interact with the MMT clay and PU foam such that the 
resultant aerogels possessed higher moduli with increased loading of PU foam.  This 
observation is interesting and particularly useful if the goal is to maximize the recycled PU 
fluff content, while producing high compressive modulus materials. 
Finally, polyurethane binders were evaluated, in the belief that they would interact with the 
PU foam in such a way as to produce an aerogel that was reinforced by the PU foam.  While 
these polyurethane binders did form aerogels upon freeze-drying, they produced much 
lower modulus systems, presumably due to the flexible nature of the polyurethane binder.  
However, there was evidence that the desired reinforcing effect of the PU foam, which we 
expected to achieve through increased compatibility of the PU foam and the PU binder, 
was achieved. 
Introducing cross-linking in the PVOH binder via formation of polyurethane linkages by 
reaction of the PVOH binder with the polyisocyanate, Bayhydur®302, was effective at 
increasing the modulus of the aerogels.  However, if the crosslinking had taken place after 
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the PVOH aerogel had been freeze-dried, it is likely that the compressive modulus could 
have been increased even further, by avoiding the non-productive (in terms of cross-link 
formation) reaction of the polyisocyanate with water. 
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Table 1:  Sample compositions, densities, compressive moduli and specific compressive 
moduli (n=5) for aerogels comprising PU foam/MMT clay/PVOH. 
 
 
 
 
  
PU Foam MMT PVOH Average Density (g/cm
3)
2% 2.50% 5% 0.0579 0.35 ±0.07 6.1 ±1.3
3% 2.50% 5% 0.0747 0.92 ±0.19 12 ±3
4% 2.50% 5% 0.0679 0.42 ±0.08 6.1 ±1.2
5% 2.50% 5% 0.105 2.0 ±0.5 19 ±5
1% 2.50% 7.50% 0.0831 1.6 ±0.6 19 ±7
2% 2.50% 7.50% 0.0795 1.9 ±0.4 24 ±5
3% 2.50% 7.50% 0.0818 2.0 ±0.3 24 ±4
4% 2.50% 7.50% 0.0939 2.0 ±0.7 21 ±8
5% 2.50% 7.50% 0.104 2.3 ±0.9 22 ±9
1% 2.50% 10% 0.128 5.7 ±1.3 45 ±10
2% 2.50% 10% 0.113 5.2 ±2.0 46 ±18
3% 2.50% 10% 0.112 4.3 ±1.3 38 ±11
4% 2.50% 10% 0.129 4.2 ±1.0 32 ±8
5% 2.50% 10% 0.098 4.2 ±0.8 43 ±8
1% 5% 5% 0.0757 1.0 ±0.3 13 ±4
2% 5% 5% 0.104 4.8 ±1.1 46 ±11
3% 5% 5% 0.108 3.6 ±0.7 33 ±6
4% 5% 5% 0.113 2.5 ±0.7 22 ±7
5% 5% 5% 0.127 2.9 ±0.5 23 ±4
1% 5% 7.50% 0.116 3.0 ±0.5 26 ±5
2% 5% 7.50% 0.124 4.1 ±1.0 33 ±8
3% 5% 7.50% 0.129 7.9 ±1.1 61 ±9
4% 5% 7.50% 0.151 4.9 ±1.1 32 ±8
5% 5% 7.50% 0.154 8.0 ±1.6 52 ±11
1% 5% 10% 0.152 22 ±5 140 ±40
2% 5% 10% 0.174 16 ±6 93 ±33
3% 5% 10% 0.148 13 ±5 91 ±34
4% 5% 10% 0.186 16 ±3 87 ±17
5% 5% 10% 0.194 14 ±4 72 ±20
Average Modulus (MPa) Average Specific Modulus (MPa*cm3*g-1)
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Table 2:  Polyurethane foam/MMT Clay/Alginate Aerogel Compositions and 
Mechanical Properties (n=5). 
 
 
 
  
PU Foam MMT Alginate Average Density (g/cm
3)
1% - 7.50% 0.0772 3.1 ±0.6 40 ±7
2.5% - 7.50% 0.0831 2.6 ±0.6 32 ±7
5% - 7.50% 0.113 2.2 ±0.4 20 ±3
1% - 10% 0.0954 5.2 ±2.2 55 ±23
2.5% - 10% 0.119 4.3 ±1.6 36 ±13
5% - 10% 0.131 3.7 ±1.2 28 ±9
1% 5% 7.50% 0.114 5.8 ±1.6 50 ±13
2.5% 5% 7.50% 0.125 8.8 ±2.6 70 ±21
5% 5% 7.50% 0.141 10 ±2 72 ±14
1% 5% 10% 0.132 9.5 ±0.9 72 ±7
2.5% 5% 10% 0.143 13 ±3 88 ±19
5% 5% 10% 0.164 13 ±3 80 ±20
Average Modulus (Mpa) Average Specific Modulus (MPa*cm3*g-1)
126 
 
 
Table 3:  Sample compositions, densities, compressive moduli and specific compression 
moduli (n=5) for aerogels featuring PU foam/MMT clay/Dispercoll® U53. 
 
 
 
  
PU Foam MMT Dispercoll U53 Average Density (g/cm
3)
1% 5% 7.50% 0.137 0.16 ±0.02 1.2 ±0.1
2.50% 5% 7.50% 0.138 0.27 ±0.10 2.0 ±0.8
5% 5% 7.50% 0.144 0.54 ±0.02 3.7 ±0.2
1% 5% 10% 0.148 0.19 ±0.06 1.3 ±0.4
2.50% 5% 10% 0.171 0.70 ±0.18 4.1 ±1.1
5% 5% 10% 0.178 0.96 ±0.24 5.4 ±1.3
Average Modulus (MPa) Average Specific Modulus (MPa*cm3*g-1)
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Table 4:  Sample compositions, densities, compressive moduli and specific compression 
moduli (n=5) for aerogels featuring foam/MMT clay/PVOH cross-linked with Bayhydur® 
302. 
 
 
 
  
PU Foam MMT PVOH Bayhydur 302 Average Density (g/cm
3)
1% 2.50% 7.50% 2.76% 0.120 1.8 ±0.2 15 ±2
2.50% 2.50% 7.50% 2.76% 0.156 1.6 ±0.7 10 ±4
5% 2.50% 7.50% 2.76% 0.157 2.7 ±1.0 17 ±6
1% 2.50% 10% 2.76% 0.153 4.3 ±1.7 28 ±11
2.50% 2.50% 10% 2.76% 0.163 5.7 ±1.8 35 ±11
5% 2.50% 10% 2.76% 0.172 6.8 ±1.7 39 ±10
Average Modulus (MPa) Average Specific Modulus (MPa*cm3*g-1)
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Figure 1:  Average compressive moduli for the aerogels containing 2.5% MMT clay as a 
function of PU foam and PVOH binder level. 
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Figure 2:  Average compressive moduli for the aerogels containing 5% MMT clay as a 
function of PU foam and PVOH binder level. 
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Figure 3:  12P488 optical microscopy images of 5% foam/5% MMT clay/10% PVOH 
aerogels at 64x magnification. 
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Figure 4:  12P488 optical microscopy images of 5% foam/5% MMT clay/10% PVOH at 
120x magnification. 
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Figure 5:  Scanning electron micrographs showing the locations of the foam particles 
parallel to the direction of cross-sectional slice for the sample containing 5% foam/5% 
MMT clay/10% PVOH. 
 
  
133 
 
 
 
Figure 6:  Scanning electron micrographs showing the locations of the foam particles 
perpendicular to the direction of cross-sectional slice for the sample containing 5% 
foam/5% MMT clay/10% PVOH. 
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Figure 7:  Scanning electron micrographs of the internal structures for the aerogel 
containing 5% foam/5% MMT clay/10% PVOH.  Close examination shows the crevasses 
left by the foam particles. 
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Figure 8:  Average compressive moduli for the aerogels as a function of PU foam and 
alginate binder level (no MMT clay). 
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Figure 9:  Average compressive moduli for the aerogels as a function of PU foam and 
alginate binder level (5% MMT clay). 
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Figure 10:  Average compressive moduli for the aerogels containing 5% MMT clay as a 
function of PU foam and Dispercoll® U53 level. 
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Figure 11:  Average compressive moduli for the aerogels containing 2.5% MMT clay as a 
function of PU foam and binder (PVOH cross-linked with Bayhydur® 302) levels. 
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Figure 12:  Thermogravimetric (TGA) Analysis for the decomposition properties of the 
5% foam/5% MMT clay/10% PVOH aerogel sample. 
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CHAPTER 4 
 
 
FABRICATION AND MECHANICAL CHARACTERIZATION OF LIGNIN BASED AEROGELS 
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4.1   ABSTRACT 
Conversion of lignin into foam-like aerogels, using an environmentally benign freeze 
drying process is described herein.  Interest in lignin as a bio-resource has been gaining 
popularity in recent years, as it is currently viewed by most industries as a waste product 
that in most cases is simply burned as a fuel source.  The use of lignin in a polymer/clay 
aerogel offers the potential for a high value-added foam-like material potentially usurping 
the use of traditional petroleum derived foams in some applications.  The present work 
demonstrates that lignin/clay and lignin/alginate aerogel samples can possess compressive 
moduli as high as 36.0 MPa. 
 
4.2   INTRODUCTION 
Polymer/clay aerogels are an interesting class of materials which are rapidly moving 
towards use in commercial products.  These composite materials typically rely upon 
exfoliation of layered, smectite clays, such that individual clay platelets are dispersed 
within a polymeric phase, generating a network which can transfer physical loads.1  
Montmorillonite is one such smectite clay, possessing an elliptical geometry with negative 
charges residing on the surfaces and positive charges around the periphery.  
Montmorillonite clay can form a well dispersed gel in water, in which the water is found 
in two states:  one where the water is solvating the exchangeable cations in the interlamellar 
space and the other in external regions.2  Due to the opposing charges, the clay particles 
are linked edge-to-face, much like a “house of cards” in structure.3 
The polymeric components of plants, consisting primarily of cellulose, hemicellulose and 
lignin, form complex higher order structures resulting in an adaptable, mechanically robust 
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hierarchical structure.4  For decades, lignin has been considered an unwelcomed by-
product, particularly by the paper and wood-pulp industries, which required energy and 
time consuming separation processes.  Current estimates for the world-wide production of 
lignin are over 30 million tons per year.5  Most of the lignin produced is simply burned as 
a fuel source.  Recently however, efforts have been made to convert lignin into useful 
materials and products.5  Its importance as a bio-resource is growing due in part to its non-
toxic nature, but largely because of its versatility and low cost as it is derived from trees, 
grasses, and agricultural crops.  From wood sources, the amount of lignin ranges from 12-
39% of the dry mass of the tree.5  The chemical structures of lignin have been investigated 
by spectroscopic methods, demonstrating it to be a polyphenolic, amorphous polymer 
which forms from enzyme-initiated dehydrogenative polymerization of p-coumaryl, 
coniferyl, and sinapyl alcohols.6  Different varieties of lignin arise from the varying 
concentrations of these alcohols used in the polymerization; the hydroxyl groups contained 
on the backbone of lignin produces a slightly hydrophilic nature and allows for conduction 
of water through the plant.6 
Alginate is another naturally forming biopolymer obtained most often from brown 
seaweed.  It is anionic and hydrophilic in nature, dissolving readily in water.7  Structurally, 
alginate is a block copolymer consisting of α-L-guluronate and β-D-mannuronate, with the 
ratio of the two blocks depending upon the source from which alginate was obtained.  The 
molecular weight of commercially available alginate varies from 32,000-400,000 g/mol.  
In an aqueous environment, alginate will form a gel at concentrations greater than 5% by 
weight; the strength of the gel can be tailored by varying the concentration or though the 
use of ionic intermolecular cationic cross-linking agents such as Ca2+.8  α-L-guluronate 
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blocks are proposed to participate in ionic cross-linking, thus, increasing the ratio of α-L-
guluronate to β-D-mannuronate (i.e. M/G ratio) can affect the strength of the resultant gel.9  
While increasing the molecular weight will also improve the physical properties of the gel, 
the viscosity of a high molecular weight alginate solution will become very high making 
processing the gel quite difficult.  The gel forming ability of alginate in water makes it an 
excellent material to use as the matrix of a polymeric aerogel produced through the 
lyophilization technique. 
Lignin and clay as well as lignin and alginate are combined in the current work to create 
low density, foam-like aerogels, making use of sustainable and under-valued raw materials 
which potentially could replace petroleum-based polymer foams. 
 
4.3   EXPERIMENTAL 
4.3.1   MATERIALS 
Lignin, in its alkali form (modified to be water dispersible, Mw~10,000 g/mol, #471003) 
and lignosulfonic acid form (modified with sulfonic acid to be water soluble, Mw~52,000 
g/mol, #471038) (Sigma-Aldrich); sodium montmorillonite (MMT; Southern Clay Inc., 
PGW grade); and ammonium alginate (Pfaltz & Bauer) were used as received. 
 
4.3.2   AEROGEL PREPARATION 
Three classes of aerogels, each utilizing both types of lignin, were fabricated in order to 
understand the propensity of lignin to form aerogels as well as to understand the resultant 
mechanical properties.  These three classes of aerogels were:  pure lignin, lignin/MMT 
clay, and lignin/alginate. 
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Pure lignosulfonic acid and lignin, alkali aerogels were created by combining the 
appropriate weight percent of lignin (5, 10, 15%) with deionized water using a low shear 
hand mixer.  The preparation of lignin/MMT clay involved two mixing phases because 
high shear rates are required to exfoliate the MMT clay platelets to form a homogenous 
clay solution while low mixing speeds are needed to ensure little to no bubbles are formed 
in the lignin suspensions.  First, a clay solution, containing the appropriate final weight 
percentage of clay, was prepared using a Waring Laboratory model blender (22,000 rpm 
free range speed) set to high for 1 minute.  Separately, a lignin/water suspension, once 
again containing the appropriate final weight percentage of lignin, was created using a low 
shear hand mixer.  The clay and lignin suspension were combined, and once again mixed 
with the low shear hand mixer.  The last class, lignin/alginate, was prepared in a 
combinatorial approach, in the same way as the lignin/MMT clay, however, both the lignin 
and alginate suspensions were prepared using a low shear hand mixer to minimize bubble 
formation.  In each case, the gel suspensions were poured into 18 dram polystyrene vials 
and submersed in a solid carbon dioxide/ethanol bath at -70° C.  Once frozen, the samples 
were placed into a SP Scientific Virtis AdVantage 2.0 Bench Top Lyophilizer.  The shelf 
temperature was set to -70° C, the condenser coil was set to -85° C.  Once a vacuum of 40 
μbar was achieved, the temperature of the shelf was set to 25° C in order to sublime the 
water from the frozen gel suspensions.  After 72 hours, all samples were removed from the 
freeze drier, and the resultant polymer/clay aerogels were characterized. 
 
4.3.3   MECHANICAL CHARACTERIZATION 
Once freeze dried, the resultant cylindrical aerogels (approximately 20 mm in diameter and 
45 mm in height) were tested using a MTS model 2525/ReNew upgrade package 5565 
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mechanical tester equipped with a 1000 N load cell.  As standard with mechanical testing 
carried out on aerogels, their properties under compression were tested.  Bulk densities of 
the aerogels were obtained through careful dimensional measurement (height and 
diameter) using digital calipers along with determination of the mass.  In order to prepare 
the aerogels for compression testing, each monolith was cut to a height of 20 mm using a 
band saw.  The ultimate strain for the tester was set to a value of 0.75, i.e. 75% of the total 
linear distance.  Eight replicate samples were tested for each composition, and the mean 
and standard deviation of those measurements reported. 
 
4.4   RESULTS AND DISCUSSION 
A series of organic aerogels, composed of combinations of lignosulfonic acid, with and 
without the addition of MMT clay and/or alginate were produced by the freeze drying 
process previously described in the literature for other polymer/clay systems, Table 1.10  
The two varieties of lignin used in these experiments were dark brown to black granular 
solids.  Once mixed with water and clay or alginate, their color changed to a lighter shade 
we estimate to be somewhere between sepia and coffee brown.  Once freeze dried, the 
samples possessed an appearance estimated to be between a standard brown to mahogany 
appearance.  Layered structural domains were just barely visible with the naked eye. 
 
4.4.1   LIGNIN, ALKALI AND LIGNOSULFONIC ACID AEROGEL COMPARISON 
Lignin aerogels which are comprised entirely of lignin, in its alkali or its lignosulfonic acid 
form, exhibited poor mechanical properties.  These aerogels possessed lower densities than 
the MMT clay or alginate containing analogs.  As can be seen in Table 2, the mechanical 
properties of pure lignin, alkali samples were not able to be measured.  These samples were 
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mechanically too fragile to be tested, many of which collapsed upon removal from the 
polystyrene containment vial.  The lignosulfonic acid aerogels possessed enough 
mechanical strength to be tested, although as mentioned, these aerogels were quite fragile 
as well.  It is reasoned that unlike the lignin, alkali which was only water dispersible, 
lignosulfonic acid actually dissolved in water and was able to form a weak, but continuous 
3-dimensional polymeric network.  Furthermore, the lignosulfonic acid possessed a higher 
average molecular weight which produces a greater number of interactions and chain 
entanglements. 
 
4.4.2   LIGNIN/MMT CLAY AEROGELS 
The addition of MMT clay dramatically increased the compressive moduli of the resultant 
lignin, alkali and lignosulfonic acid aerogels.  While these aerogels possessed a higher 
density than the respective versions of pure lignin, alkali and lignosulfonic acid, their 
mechanical properties were significantly higher, with mechanical properties increasing 
monotonically with clay loadings.  The aerogel produced from a wet gel containing 10% 
MMT clay and 15% lignosulfonic acid exhibited a compressive modulus of 5.25 MPa, for 
example, compared with a pure 15% lignosulfonic acid aerogel whose compressive 
modulus was only124 kPa, a 40 fold increase.  In order to negate the effects of simply 
adding mass to the aerogel systems, the specific moduli were compared (Figure 1).  Once 
again, comparing 10% MMT clay/15% lignosulfonic acid to 15% lignosulfonic acid, the 
specific modulus increased to 26.0 from 0.827 MPa∙cm3∙g-1.  The trend of higher moduli 
among the samples containing lignosulfonic acid compared to those containing the alkali 
version of lignin, alkali was once again observed.  The 10% MMT clay/15% lignosulfonic 
acid sample possessed a modulus approximately twice that of the equivalent 10% MMT 
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clay/15% alkali lignin aerogel, with the specific modulus reflecting this increase as well.  
This effect is reasoned to be due to the solubility and higher molecular weight of the 
lignosulfonic acid compared with that of the alkali lignin. 
 
4.4.3   LIGNIN/ALGINATE AEROGELS 
The lignin/alginate aerogels exhibited the highest compressive moduli among all of the 
samples created for this study.  The densities for this class of aerogels were higher than 
those observed in the pure lignin samples, but were approximately the same as the aerogels 
created with MMT/lignin.  The compressive moduli were significantly higher than the 
moduli observed in the MMT/clay samples.  As a comparison, 10% alginate/15% 
lignosulfonic acid possessed a compressive modulus of 35.0 MPa compared with a 
modulus of 5.25 for the 10% MMT clay/15% lignosulfonic acid, approximately 7 times 
greater.  This effect is once again reflected in the specific modulus.  It is interesting to note 
that the trend of improved mechanical properties for samples containing lignosulfonic acid 
over the lignin, alkali samples is not seen in the aerogels containing alginate.  This is 
reasoned through the fact that these aerogels are entirely polymeric and contain alginate.  
Alginate is an excellent film forming polymer has been shown to form high modulus 
aerogels due to its strong intermolecular interactions and chain entanglements.11  Alginate 
therefore becomes the dominant polymeric network, with the lignin attaching to it.  The 
majority of the mechanical improvements in lignin/alginate aerogels, compared to those 
containing lignin/MMT clay, therefore is derived from the strong 3-dimensional alginate 
network. 
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Structurally, a sodium montmorillonite (Na-MMT) clay platelet consists of two sheets of 
tetrahedral silicon and oxygen which sandwich a layer of octahedral comprised of 
aluminum, oxygen and hydrogen.  The layer spacing between two Na-MMT platelets is 1-
2 nm in distance.12  It is in this region that the water and the exchangeable sodium cation 
reside.  Na-MMT possesses a negative charge per unit cell, from isomorphous 
substitutions, that ranges from 0.50 to 1.3 electron charges, which are compensated by the 
sodium exchangeable cations.2  This negative charge resides on the surfaces of the platelets, 
while the periphery maintains a positive character.  Once hydrated, on average, three 
molecules of water surround each corresponding exchangeable sodium cation.  The water 
molecules hydrating the sodium ions are located on sites which possess C2V symmetry.  
Additionally, water molecules form very weak hydrogen bonds with –OH groups.  The 
transition dipole moment of the antisymmetric mode of these water molecules point normal 
to the montomorillonite platelet surface.  In this way, the lone-pair orbitals of the oxygen 
atom in each water molecule are directed toward the sodium cation and one of the protons 
from each molecule is positioned along an axis normal to the montmorillonite clay platelet 
surface.2  This proton is expected to disrupt –OH groups on the platelet surface because it 
will reside in the center of a ditrigonal cavity in the tetrahedral sheet adjacent to the one on 
which it is absorbed.  This arrangement of the proton is possible, despite the repulsive 
interaction with –OH groups because the proton is positioned at the center of a cluster of 
lone pair orbitals emanating from the oxygen atoms surrounding a ditrigonal cavity, each 
inclined at 20° relative to the clay platelet. 
The mechanisms of hydration for Na-MMT occur in three stages.  In the first stage, water 
absorbed by the clay platelet solvates the exchangeable sodium cation by, on average, three 
149 
 
water molecules per cation.  These hydration states correspond to interlamellar spacings 
large enough to accommodate one to two layers of adsorbed water molecules.  The second 
stage of hydration is the formation of an octahedral solvation complex for the sodium 
cations.  Lastly, the final mode of solvation, beyond the solvation of sodium exchangeable 
cations, is water that adsorbs on the clay surface can condense in micropores and form 
complex solvation cages around the platelets.  In bulk water-MMT clay solutions the clay 
platelets have the mobility to arrange in a thermodynamically favorable arrangement.  As 
discussed by van Olphen, the negatively charged surface will naturally attract the positively 
charged periphery, forming a “house of cards” arrangement.3 
In the first stage of the lyophilization process, the gel containing lignin, MMT clay and 
water is frozen.  During this process, the water crystallizes excluding impurities, in this 
case lignin molecules and clay.  As the ice front proceeds though the sample, the excluded 
materials form a laminar structure.  The “house of cards” arrangement becomes flattened 
forming a layer composed of stacks of clay platelets and intercalated lignin molecules.  
After lyophilization, the resultant structure consists of a plethora of lignin/MMT clay layers 
which becomes the load bearing structures. 
Unlike clay gels which consist of high surface area, rigid, inorganic platelets; gels formed 
using alginate are composed of high molecular weight, flexible polymer chains.  As 
aforementioned, alginate is a linear polysaccharide composed of alternating blocks of 1,4-
linked α-L-guluronic (G-block) and β-D-mannuroic acid (M-block) residues.9  The 
configuration of the monomeric units and their modes of linkage produces particular 
geometries in the G-block and M-block regions, as well as the regions in which the two 
blocks alternate.  The G-blocks form a buckled geometry while the M-blocks form an 
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extended ribbon.  Two G-blocks aligned side by side produces a diamond shaped “hole” 
ideally suited for the cooperative binding of a metal ion.  The addition of metal ions results 
in the formation of a gel.  Typically Ca2+ ions are employed to gel solutions of alginate in 
water, however other divalent ions are suitable including Pb2+, Cu2+, Ba2+, Zn2+, and Sr2+.  
The homopolymeric regions of α-L-guluronic acid and β-D-mannuroic acid blocks are 
interdispersed with regions which consist of alternation α-L-guluronic and β-D-mannuroic 
acid residues.  While the use of divalent cations is the most common method of gelation, 
in concentrations above 5% by weight in water a soft gel will form.  Each alginate chain 
will entangle with many other chains to form a gel network. 
In a suspension, lignin will interdisperse in the 3-dimensional gel network formed by 
alginate.  In the first stage of the lyophilization process, the suspension is frozen.  Unlike 
the “house of cards” structure formed by clay which can collapse as the ice front grows 
templating it into a flat layer, alginate networks are flexible and strong causing ice crystals 
to grow around the polymer network.  After lyophilization, a porous alginate/lignin 
network results, partially layered and partially fibular.  This layered/fibular network 
becomes the load bearing structure.  The geometry of the resultant network is more 
effective at resisting compressive forces.  This leads to the higher observed compressive 
moduli for aerogel samples composed of alginate/linin versus those composed of MMT 
clay/lignin. 
 
4.5   CONCLUSIONS 
The research presented in this paper confirms that lignin may be used to create aerogels 
using the lyophilization approach.  Pure lignin aerogels produced samples which exhibited 
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very poor mechanical properties.  However, the addition of MMT clay or alginate to the 
lignin produced samples with dramatically enhanced compressive moduli.  As confirmed 
though comparison of the specific moduli, this effect was not simply attributed to an 
increase in mass.  Comparing the differences between the use of MMT clay and alginate, 
alginate produced lignin aerogels with dramatically enhanced mechanical properties.  The 
highest value obtained for samples containing alginate was the 10% alginate/15% 
lignosulfonic acid sample which possessed a compressive modulus of 35.0 MPa.  This was 
approximately 7 times greater than the compressive modulus of 10% MMT clay/15% 
lignosulfonic acid, which was 5.25 MPa.  There were differences when comparing the type 
of lignin used for the pure lignin and the MMT clay/lignin aerogels.  Samples containing 
lignosulfonic acid possessed higher compressive moduli than those containing lignin, 
alkali.  It was concluded that in these systems since the lignin, alkali was only water 
dispersible while the lignosulfonic acid was water soluble, it was able to form a continuous 
3-dimensional polymeric network.  Furthermore, the lignosulfonic acid possessed a higher 
average molecular weight which produced a greater number of interactions and chain 
entanglements resulting in enhanced mechanical properties.  This effect was not observed 
in the systems containing lignin and alginate.  Since alginate is an excellent film forming 
polymer, it has been shown to form high modulus aerogels.  For this reason, alginate 
becomes the dominant polymeric network, with the lignin playing a much smaller role in 
the overall mechanical characteristics.  Thus, most of the mechanical improvement over 
the aerogels containing MMT clay comes from the strong 3-dimensional alginate network 
and not from the addition of lignin meaning the type of lignin does not play a role in the 
enhancement in modulus. 
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Table 1:  Comparison of the mechanical properties of aerogel sample compositions 
consisting of pure lignosulfonic acid, lignosulfonic acid/MMT clay, and lignosulfonic 
acid/alginate. 
 
 
 
  
Clay Alginate Lignosulfonic Acid Density (g/cm 3 )
- - 5 0.0571 0.00431 ±0.00020 0.0755 ±0.0035
- - 10 0.105 0.0635 ±0.0031 0.605 ±0.030
- - 15 0.150 0.124 ±0.011 0.827 ±0.073
5 - 5 0.0864 0.452 ±0.021 5.23 ±0.24
5 - 10 0.126 0.895 ±0.052 7.10 ±0.41
5 - 15 0.171 2.20 ±0.41 12.9 ±2.4
10 - 5 0.125 0.986 ±0.038 7.89 ±0.30
10 - 10 0.166 2.61 ±0.58 15.7 ±3.5
10 - 15 0.202 5.25 ±0.95 26.0 ±4.7
- 5 5 0.0855 1.78 ±0.32 20.8 ±3.7
- 5 10 0.127 4.03 ±0.73 31.7 ±5.7
- 5 15 0.165 4.29 ±0.84 26.0 ±5.1
- 10 5 0.140 18.9 ±2.2 135 ±16
- 10 10 0.179 10.2 ±1.4 57.0 ±7.8
- 10 15 0.228 35.0 ±4.7 154 ±21
Sample Composition (wt%) Mechanical Characteristics
Average Compressive Modulus (MPa) Average Specific Compressive Modulus (MPa*cm 3 *g -1 )
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Table 2:  Comparison of the mechanical properties of aerogel sample compositions 
consisting of pure lignin, lignin/MMT clay, and lignin/alginate. 
 
 
 
  
Clay Alginate Lignin, Alkali Density (g/cm 3 )
- - 5 0.104 - - - -
- - 10 - - - - -
- - 15 0.127 - - - -
5 - 5 0.116 0.156 ±0.015 1.34 ±0.13
5 - 10 0.127 0.355 ±0.018 2.80 ±0.14
5 - 15 0.166 0.297 ±0.017 1.79 ±0.10
10 - 5 0.130 0.232 ±0.018 1.78 ±0.14
10 - 10 0.156 0.866 ±0.060 5.55 ±0.38
10 - 15 0.207 2.69 ±0.93 13.0 ±4.5
- 5 5 0.0791 1.17 ±0.64 14.8 ±8.1
- 5 10 0.139 1.46 ±0.34 10.5 ±2.4
- 5 15 0.196 3.86 ±0.93 19.7 ±4.7
- 10 5 0.151 14.6 ±1.5 96.7 ±9.9
- 10 10 0.180 22.9 ±4.3 127 ±24
- 10 15 0.245 36.0 ±6.6 147 ±27
Average Compressive Modulus (MPa) Average Specific Compressive Modulus (MPa*cm 3 *g -1 )
Sample Composition (wt%) Mechanical Characteristics
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Figure 1:  Comparison of specific compressive moduli for samples containing 5% MMT 
clay and lignin (5, 10, and 15%). 
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Figure 2:  Comparison of specific compressive moduli for samples containing 10% MMT 
clay and lignin (5, 10, and 15%). 
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Figure 3:  Comparison of specific compressive moduli for samples containing 5% alginate 
and lignin (5, 10, and 15%). 
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Figure 4:  Comparison of specific compressive moduli for samples containing 10% 
alginate and lignin (5, 10, and 15%). 
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CHAPTER 5 
 
 
SYNTHESIS AND CHARACTERIZATION OF CARDO-DIAMINE CONTAINING POLYIMIDE 
AEROGELS 
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5.1   ABSTRACT 
Polyimide aerogels possess low dielectric constants, low thermal conductivities, high 
porosity, flexibility and low densities with outstanding mechanical properties.  However, 
polyimide aerogels will undergo thermally induced shrinkage at temperatures far below 
their glass transition temperatures (Tg) or their onset of decomposition temperatures.  
Attempts to minimize thermal shrinkage were successful when a rigid filler, such as 
cellulose nanocrystals (CNCs), were introduced into the polyimide backbone.[1]  As an 
alternative to using rigid fillers, it was proposed that the incorporation of bulky, space 
filling moieties into the polymer backbone would also provide an effective route to reduce 
thermal shrinkage.  An array of 20 polyimide aerogels were synthesized from 3,3’4,4’-
biphenyltetracarboxylic dianhydride (BPDA) and 4,4’-oxydianiline (ODA) and in some 
cases BPDA and a combination of ODA and 9,9’-bis(4-aminophenyl) fluorene (BAPF).  
The aerogels were cross-linked with 1,3,5-benzenetricarbonyl trichloride (BTC).  The 
polymer concentration, n-value and molar concentration of ODA and BAPF were varied.  
The resultant aerogels were fully characterized and were subjected to isothermal heating at 
150 °C and 200 °C for up to 500 hours.  It was observed that the samples containing BAPF 
possessed the lowest thermal shrinkages.  Reductions in thermal shrinkage of around 20% 
were observed in samples containing the highest molar concentrations of BAPF. 
 
5.2   INTRODUCTION 
Polyimide aerogels were first mentioned in a U.S. patent filed in 2003 and later published 
in 2006 by the inventors Rhine, Wang and Begag.[2]  In the patent, the inventors outlined a 
process for producing polyimide aerogels from a combination of aliphatic and aromatic 
diamines with anhydrides.  These aerogels were then pyrolyzed into carbon aerogels of 
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much higher surface area.  However, in this early attempt, the polyimide aerogels lacked 
the degree of cross-linking needed for stronger mechanical properties.  Over the years, 
improvements in synthesis techniques resulted in polyimide aerogels that are mechanically 
strong and flexible.  Notably, the work produced by Meador and co-workers[3] drove the 
advances in the synthesis techniques used to produce polyimide aerogels.  The group 
employed a systematic approach to investigate the properties of aerogels formed by 
reacting diamines and dianhydrides to form poly(amic acid) chains which were then 
chemically imidized at room temperature.  The oligomer chain length between cross-links 
and types of diamines and dianhydrides were varied in the study.  The diamines included 
p-phenylene diamine (PPDA), 2,2’-dimethylbenzidine (DMBZ) and 4,4’-oxydianiline 
(ODA), while the dianhydrides included benzophenone-3,3’4,4’-tetracarboxylic 
dianhydride (BTDA) and 3,3’4,4’-biphenyltetracarboxylic dianhydride (BPDA).  The 
oligomer length between cross-links was stoichiometrically formulated to be 15 or 30 
repeat units.  The oligomers were formulated to contain anhydride end-caps, and were 
cross-linked using 1,3,5-triaminophenoxybenzene (TAB).  The polyimide aerogels 
produced possessed densities between 0.13 g/cm3 and 0.33 g/cm3, high porosities between 
72% and 92%, and surface areas as high as 503 m2/g.  These materials also possessed high 
onset of decomposition temperatures, above 460 °C, with several around 600 °C.  Notably, 
the study produced many mechanically robust samples with a DMBZ-BTDA sample 
reaching a very high modulus of 102 MPa.   
Recently, Meador et al.[4] has developed a new approach to synthesize polyimide aerogels 
with a less expensive and commercially available cross-linker.  In past examples of 
polyimide synthesis strategies, the oligomers were stoichometrically formulated to possess 
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anhydride end-caps.  From there, a diamine, such as TAB, was used to react with the 
anhydride end groups to produce a covalent cross-linked network.  In the new approach, 
the polyimide oligomers are stoichometrically formulated to contain amine end-caps.  
Then, 1,3,5-benzenetricarbonyl trichloride (BTC), a trifunctional acid chloride, is added.  
The amine end groups nucleophilically attack the carbonyl carbon, producing an amide 
linkage with the release of chloride ion into solution. 
Polyimide aerogels possess many attractive properties such as high porosities, low 
dielectric constants, low thermal conductivities, and based on the advances outlined above, 
high mechanical strengths at low densities.  However, polyimide aerogels undergo 
thermally induced shrinkages at temperatures below their thermal transitions, such as their 
Tg.  It was hypothesized that this shrinkage is associated with a large amount of free volume 
present in the polymer chains.  Adding a bulky moiety, such as BAPF, that fills this free 
volume may result in a reduction of shrinkage.  A DOE style method was used to create an 
array of polyimide aerogels.  This method was chosen because it enables the most efficient 
method of correlating the different factors and levels in a study while having the added 
benefit of minimizing the production of samples.  The factors varied were the polymer 
concentration (percent solids content), the n-value and the molar concentration of ODA 
and BAPF used. 
At this point it is important to discuss two important concepts governing the formation of 
aerogels.  As first introduced in the background section of Chapter 1, a lattice model is 
used to describe the formation of polymer chains from monomers in solution.  This model 
introduces the concept of an ideal infinite chain that forms the backbone of the aerogel.  
The ideal chain model only takes into account the short range interactions between 
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segments closely located to each other in the chain.  This model does permit a chain to loop 
back upon itself so that segments which are separated along the chain will occupy the same 
region in space.  This is a physical impossibility since each segment possesses its own 
finite volume.  In the lattice model, this effect can be accounted for by imposing the 
condition that two segments cannot occupy the same lattice site.  This condition is known 
as the excluded volume effect.  If the polymer is modeled as a connected path on the lattice, 
the excluded volume will correspond to the condition that the path cannot pass through any 
sites that have been previously traversed.  This “self-avoiding walk” as it is called is 
represents the excluded volume chain for the polymer.  An ideal chain polymer corresponds 
to a random walk without the excluded volume effect.  The average size of an excluded 
volume chain is larger than that of an ideal chain.  In the concept of an ideal chain, there is 
a greater possibility of segments overlapping in a compressed polymer coil than overlap 
occurring in a larger size chain.  Therefore, the restriction is added that chain overlapping 
is not permitted.  Thus the expected size distribution is shifted to larger values and the 
excluded volume is larger than the ideal chain of the same length. 
Once the chains have reacted forming a solid gel network, it is important to consider the 
concept of free volume within the solid gel matrix.  Free volume, Vf, is defined as the 
unoccupied space in a sample, arising from the inefficient packing of disordered chains 
originating in the amorphous regions of a given polymer.  The presence of these empty, 
unoccupied spaces can be qualitatively understood from the example of polystyrene 
dissolved in benzene.  A contraction in total volume is observed, indicating that the 
polymer can occupy less volume when surrounded by benzene molecules.  This also leads 
to the conclusion that there must be unused space in the glassy matrix which allows this 
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increase in packing efficiency to occur.  Within the aerogel fibrils, the observed specific 
volume of a sample, V, is composed of the volume actually occupied by the polymer 
molecules, V0, and the free volume, Vf, in the system given by the following relationship: 
     𝑉 = 𝑉0 + 𝑉𝑓            (1) 
The free volume is a measure of the space available for the polymer to undergo rotation 
and translation.  When the polymer is in a liquid or rubber-like state the amount of free 
volume will increase with temperature as the molecular motion increases.  If the 
temperature is lowered, the free volume will contract and at some point reach a critical 
value where there is insufficient free space to allow large-scale segmental motion to occur.  
This critical temperature is the glass transition temperature of the polymer (Tg).   
 
5.3   EXPERIMENTAL 
5.3.1   MATERIALS 
All materials were used as received without further purification unless otherwise noted.  
3,3’4,4’-biphenyltetracarboxylic dianhydride (BPDA) and 9,9’-bis(4-aminophenyl) 
fluorene (BAPF) were purchased from ChrisKev (Lenexa, KS).  Anhydrous N-methyl-2-
pyrrolidone (NMP), triethylamine (TEA), 4,4’-oxydianiline (ODA) and 1,3,5-
benzenetricarbonyl trichloride (BTC) were obtained from Sigma-Aldrich (St. Louis, MO).  
Acetone was obtained from Fisher Scientific (Waltham, MA).  The amines and anhydrides 
were stored under vacuum in vacuum sealed jars.   
Polyimide gels were synthesized using diamines, a dianhydride and a trifunctional acid 
chloride cross-linking agent in a polar aprotic solvent.  Imidization was carried out 
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chemically at room temperature.  The aerogels were synthesized to have amine end-capped 
polyimide oligomers with n repeat units using n equivalents of BPDA and n + 1 equivalents 
of diamine (50% ODA and 50% BAPF).  The oligomers were cross-linked with BTC to 
form gels.  The number of repeat units in the oligomers (n = 20 to 40) was varied in the 
fabrication of the aerogels as shown in Table 1, outlining the amounts of reactants required 
to prepare each sample.  As an example, the procedure for the synthesis of sample 
RPV01.061.4 using 50% ODA and 50% BAPF, an n value of 20 and 10 wt% solids is as 
follows: 
To a solution of ODA (1.906 g, 9.52 mmol) in 87.5 mL of NMP was added BPDA (5.335 
g, 18.13 mmol) and the solution was stirred for two hours.  At that time, the solution was 
placed in a sonic bath for 5 minutes to achieve a homogenous mixture.  BAPF (3.3172 g, 
9.52 mmol) was then added and the solution was further stirred until homogenous.  
Afterwards, acetic anhydride (13.69 mL) was added and stirred until homogenously mixed, 
followed by TEA (2.53 mL).  After ten minutes, a solution of BTC (0.1605 g, 0.604 mmol) 
in NMP was added to the solution while stirring.  Immediately after mixing, the solution 
was poured into syringe molds which were sealed with Parafilm.  The plunger of the 
syringe mold was aligned to the 23 mL line.  The solution was added until the liquid level 
reached the 5 mL line to fill the molds consistently.  The solution gelled after approximately 
20 minutes.  The gels were then aged for 24 hours in the molds, after which time they were 
extracted into a solution of 75% NMP/25% acetone and allowed to soak overnight.  
Afterwards, the solvent was replaced by a solution of 25% NMP/75% acetone and the gels 
were allowed to soak for another 24 hours, followed by four more solvent exchanges in 
100% acetone in 24 hour intervals.  The gels were then supercritically dried using liquid 
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CO2 extraction.  Once supercritically dried, the aerogels were dried under vacuum at 75 °C 
overnight to ensure all solvent had been removed from the samples. 
For the synthesis of polyimide gels, NMP was chosen as the solvent.  It is a dipolar aprotic 
solvent, with a high boiling point (202-204 °C), and low vapor pressure making it 
nonvolatile.  It is often used in the petrochemical and polymer industries exploiting its 
ability to dissolve a diverse class of materials.  It is an effective solvent for dissolving 
aromatic diamines and dianhydrides as well as uncross-linked poly(amic acids).  ODA was 
added to NMP first as it approximately 30 minutes to dissolve completely.  The amine 
groups part of ODA nucleophilically attack and bond to an acyl carbon, opening the 
anhydride ring.  As both the ODA and BPDA are difuntional, a linear poly(amic acid) chain 
is constructed.  The length of the poly(amic acid) chain, referred to as the n-value, is 
controlled through the stoichiometric amounts of monomer added.  The end group was also 
controlled stoichiometrically.  In order to produce poly(amic acid) oligomers with amine 
end-caps, the dianhydride and diamine were mixed such that it would produce a structure 
of n:n +1 by mole, respectively.  In the example reaction above, to produce an n-value of 
20, the stoichiometry was calculated such that 20 moles of dianhydride would be added for 
21 moles of diamine.  Acetic anhydride was added to the solution to serve as a dehydrating 
agent, with TEA serving as a base catalyst to convert the poly(aminc acid) oligomers into 
a polyimide sol.  With the amine end-caps available for reaction, the trifunctional BTC 
cross-linker was added.  The amines nucleophilically react with the carbonyl carbons, 
releasing the chloride ions into solution.  The result is the polyimide oligomers are cross-
linked to form a three-dimensional network polymer.  After solvent exchange, the acetone-
filled gels were placed in a 1 L supercritical fluid extractor and rinsed with liquid CO2 four 
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times, with each rinse consisting of a 2-hour was cycle.  The autoclave was then heated to 
35 °C and 9 MPa pressure and gaseous CO2 was slowly vented from the chamber at a rate 
of 4.5 m3/h.  The aerogels recovered from the autoclave were outgassed under vacuum at 
room temperature for 24 hours. 
 
5.3.2   CHARACTERIZATION 
Gel time was qualitatively inferred by tilting the mold and observing any motion of the sol 
meniscus.  A total of 5 specimens were produced for each chemical composition to be used 
for characterization.  The bulk density (ρb) of the aerogel was obtained from the mass and 
volume of the specimen.  The skeletal density (ρs) was measured using an Accupyc 1340 
helium pycnometer (Micromeritics Instrument Corp., Norcross, GA).  Diameter shrinkage 
(δd) was obtained by comparing the diameter of the gel to the diameter of the resultant 
aerogel specimens.  Bulk density, diameter shrinkage, and porosity (Π) were calculated 
from the following formulas: 
 
     𝜌𝑏 =
4𝑚
𝜋𝑑2ℎ
            (2) 
     𝛿𝑑 = 1 − (
𝑑
𝑑0
)            (3) 
     Π = 100 × (1 −
𝜌𝑏
𝜌𝑠
)           (4) 
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In equations (2-4), m, h, d and d0 correspond to the mass, height, diameter of the aerogel 
specimen and diameter of the precursor gel prior to conversion of the corresponding 
aerogel, respectively.   
Attenuated total reflectance (ATR, Nicolet Nexus 470 FT-IR, Thermo Fisher Scientific, 
Waltham, MA) infrared spectroscopy was used to ascertain chemical identity and bond 
configurations within the aerogel networks.  A scanning electron microscope (SEM, 
Hitachi S-4700) with an operating voltage of 5 kV was used to obtain cross-sectional 
images of the microstructure of aerogel specimens.  Aerogel samples were cut into long 
rectangular prisms in order to facilitate fracture of the sample.  The samples were then 
cooled in liquid nitrogen for 15 minutes, after which, they were fractured to examine the 
microstructure of the fracture plane.  Thermal degradation behavior under nitrogen at a 
ramp rate of 10 °C/min. was studied using thermal gravimetric analysis (TGA, TA 2950 
HiRes, New Castle, DE).  Pore size distribution and surface area (σ) were measured from 
nitrogen adsorption-desorption isotherm data at 77 K using the Brunauer-Emmett-Teller 
(BET) method.  The aerogel pore size distribution was obtained using the Barrett-Joyner-
Halenda (BJH) method.  The BET data were generated using a Tristar II (Micromeritics 
Instrument Corp., Norcross, GA) surface area analyzer.  The compressive mechanical 
properties of aerogel specimens were evaluated at room temperature using cylindrical 
monoliths.  In general, specialized porous materials are not designed to carry load under 
tension, and thus only compressive properties were investigated.  Compression tests 
followed the ASTM D695-10 method.  The crosshead speed was 1.27 mm/min. and the 
specimens were compressed up to 75% strain using a tensile testing machine (Instron 
5567).  The aerogels were kept at ~1:1.3 diameter to height ratio to safeguard against 
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buckling.  The monoliths were polished at both ends to establish good contact with the 
compression platens.  The value of Young’s modulus was calculated from the slope of the 
initial linear stress-strain behavior.   
 
5.4   RESULTS AND DISCUSSION 
A design of experiments (DOE) method was developed to create an array of polyimide 
aerogels.  A DOE is a powerful statistical tool because it provides an efficient method of 
correlating the different factors and levels in a study while having the added benefit of 
minimizing the production of samples.  In this study the factors compared are polymer 
concentration (percent solids content), n-value and the molar concentration of ODA and 
BAPF used so synthesize the polyimide chains.  Each of these factors were examined at 
three different levels, providing a model which has a low level, a midpoint level and an 
upper level.  For polymer concentration, the levels used were 7%, 8.5% and 10%.  The n-
value levels were n = 20, n = 30 and n = 40.  Lastly, for the concentration of ODA to BAPF, 
the levels were 100:0, 75:25 and 50:50.  An array of 20 different polyimide aerogels were 
produced following the DOE outlined in Table 2.  All compositions were successfully 
synthesized and characterized.  The empirical data gathered was used to create statistical 
models that correlate the factors and their levels.  This method is a powerful way to draw 
accurate conclusions based on the data.   
All formulations were synthesized according to the molar concentrations displayed in 
Table 1.  All of the samples produced mechanically robust gels which could be released 
from the molds and solvent exchange without visible defects or fracture.  Every 
formulation resulted in opaque yellow gels.  Compositions comprised exclusively of ODA 
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and BPDA gelled the fastest usually in under 15 minutes.  However, adding BAPF 
increased the gel time, often to periods longer than 30 minutes.  Samples containing up to 
50% BAPF could take approximately 1 hour to gel.   
The polyimide moieties in the aerogel specimens were identified from FT-IR spectroscopy 
data displayed in Figures 1-20.  The spectra show bands at 730 cm-1 attributed to imide 
carbonyl bending, at 1380 cm-1 due to C-N group stretching, and at 1715 cm-1 and 1780 
cm-1 respectively due to imide carbonyl asymmetrical and symmetrical stretching.  The 
large peak at 1500 cm-1 is due to C-C and C=C aromatic stretching vibration.  The peaks 
at 740 cm-1 and 830 cm-1 are due to C-H aromatic stretching.  The absence of primary 
amine groups in the spectra indicates complete reaction.  This observation corroborated 
with the TGA data which does not indicate any weight loss at 200 °C, demonstrating 
imidization has occurred.   
The density, shrinkage and porosity of the aerogel samples is presented in Table 3.  The 
bulk density values vary from 0.05 g/cm3 to 0.18 g/cm3.  It appears that increasing the 
concentration of BAPF reduces the density.  Comparing samples RPV01.061.6 and 
RPV01.061.16, both samples were formulated to contain 10 weight percent solids and n-
values of 40.  The difference came from the concentration of ODA and BAPF.  Sample 
RPV01.061.6 contained 100% ODA, while sample RPV01.061.16 contained 50% ODA 
and 50% BAPF.  In this case, RPV01.061.6 possessed a density of 0.1628 g/cm3 while 
RPV01.061.16 possessed a density of 0.1343 g/cm3.  This trend is further elucidated by 
samples RPV01.061.12 and RPV01.061.13, both of which were formulated to 7 weight 
percent solids and an n-value of 20.  Sample RPV01.061.12 contains no BAPF and 
possesses a density of 0.1408 g/cm3 which is over twice the density of sample 
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RPV01.061.13 which possesses a density of 0.0629 g/cm3.  Based on the model, as 
predicted, the polymer concentration has the largest effect on the density.  Samples 
fabricated with 10% polymer concentration, the upper level of that factor, possessed the 
highest densities.  Predictably, the second highest densities belonged to the samples 
containing 8.5% solids content while the lowest were densities were observed in samples 
containing 7% solids content.  It is important to note that the n-value does not appear to 
have a large effect on the density of the resulting aerogels.  However, the amount of cardo-
diamine (BAPF) has a large effect on the density.  As the amount of cardo-diamine is 
increased from 0% to 25% and ultimately to 50%, the density decreased.  All of the 
porosities fell between 89% and 96% without a distinguishable trend. 
As mentioned in the introduction, polyimide aerogels will undergo thermal shrinkage at 
temperatures below their Tg or decomposition temperatures.  It was hypothesized that the 
incorporation of space-filling diamines into the polymer backbone would reduce the 
thermal shrinkage of the materials.  Furthermore, this work sought to understand the nature 
of the free volume in the aerogel skeleton by proving or disproving this hypothesis.  It 
would also provide an effective strategy to reduce thermal shrinkage.  The chemical 
structure and rigidity of the polyimide backbones generally determines the packing ability 
of the polyimide chains.  Ree and co-workers reported that polyimide backbone rigidity 
led to higher in-plane molecular orientation and higher shrinkage.  ODA was chosen in this 
study due because it possesses an ether linkage between the phenyl rings which increases 
it molecular flexibility.  Therefore, it should have a higher degree of thermal shrinkage as 
its molecular flexibility can assist in packing the rigid polyimide linkages into oriented 
segments.  Thus, the effects on thermal shrinkage will be highlighted by adding BAPF to 
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the polymer backbone.  Since BAPF is a cardo-diamine that contains contains the bulky 
fluorene group, it prevents the polyimide chains from packing closely.  As a result, some 
of the free volume between the polyimide chains is filled with bulky group that prevents 
chain packing when exposed to elevated thermal conditions.  Based on the results given in 
Table 4, and the models produced from this data, a clear trend was established.  As the 
content of BAPF was increased, a dramatic reduction in thermal shrinkage was observed.  
Samples RPV01.061.6 and RPV01.061.16 illustrate this point.  Both samples possessed 
the same level of polymer concentration at 10% and n-value of 40.  However, sample 
RPV01.061.6 contains the low factor level of BAPF molar concentration at 0%, while 
sample RPV01.061.16 possessed the high factor level molar concentration of BAPF at 
50%.  The radial shrinkage of the aerogel samples after drying was measured for each.  
This value was subtracted from the total thermal shrinkage after 500 hours of aging at 150 
°C and 200 °C, to compute the percent effective radial shrinkage at each temperature.  
Sample RPV01.061.6 showed a radial shrinkage of 19.5% at 150 °C and 26.3% at 200 °C.  
On the other hand, sample RPV01.061.16 had a radial shrinkage of only 9.23% at 150 °C 
and 12.9% at 200 °C.  These trends are elucidated by the surfaces generated in the plots of 
Figures 21-32.  It is clear from the surfaces, there is a dramatic decrease in thermal 
shrinkage with increasing cardo-diamine content.  The overall shrinkage for the samples, 
from the gel state to the final thermally aged aerogel state, was between 35% and 40% for 
the samples containing 0% cardo-diamine, while the thermal shrinkage decreased to 
between 20% and 25% for samples containing 50% cardo-diamine.  The plots do not show 
a significant correlation of the chain length between cross-links (n-value) and thermal 
shrinkage. 
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The internal structure of polymer aerogels consists of interconnected cylindrical fibrils.  
Based on the SEM images presented in Figures 33-38, the samples containing 0% BAPF 
tend to produce a three-dimensional structural framework consisting of smooth cylindrical 
fibrils.  There also tends to be less conjoined, overlapping fibrils in the structure.  These 
structure features are exemplified by the SEM images for sample RPV01.061.6.  
Conversely, the SEM images for samples containing 50% BAPF tend to produce a three-
dimensional structural framework of cylindrical fibrils which possess a higher degree of 
surface roughness.  Furthermore, there is a higher prevalence of conjoined and overlapping 
fibril clusters.  These fibril clusters appear fused together and are much more prevalent 
throughout the skeletal network than those in samples containing 0% BAPF.  The surface 
roughness and fibril clusters are quite pronounced in sample RPV01.061.16, exemplifying 
these features. 
The thermal stability of the polyimide aerogels are of significant importance in assessing 
the potential of such materials for use in high temperature applications.  Thermal 
decomposition of the samples was characterized using thermal gravimetric analysis (TGA) 
in nitrogen, presented in Figure 39.  The samples were ground into a powder before being 
analyzed.  The temperatures corresponding to 2% (T98) and 5% (T95) weight loss along 
with the onset of decomposition are presented in Table 5.  It is observed that the polyimide 
specimens did not experience noticeable weight loss between 200-250 °C.  Significant 
weight loss in that temperature range would indicated that imidization was not complete.  
This weight loss would be attributed to the evolution of water from the thermal imidization 
of the amic acid groups.  Nearly all of the samples possessed similar thermal decomposition 
values of approximately 600 °C. 
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Mechanical testing was performed using the Aramis system, seen in Figure 40.  The 
compressive stress-strain diagrams for the polyimide aerogel compositions are presented 
in Figure 41.  Initially, the linear stress-strain relationship at low strains, between 0% and 
4%, indicates elastic deformation of the polyimide network.  Next, the monoliths undergo 
plastic deformation as the specimens yield due to aerogel network collapse.  Eventually, 
the stress increases sharply with strain as most of the pores impinge on one another.  Table 
6 summarizes the compressive moduli of the samples.  Looking at specific samples, 
RPV01.061.11 and RPV01.061.8 both possess 7% solids content and an n-value of 20.  
However, sample RPV01.061.11 has a modulus of 10.4 MPa, while sample RPV01.061.8 
was so fragile it could not be measured as it crumbled during testing.  This trend is 
highlighted by samples RPV01.061.6 and RPV01.061.16.  Once again, both samples 
contain 10% solids content and an n-value of 40.  However, their moduli are noticeably 
different.  Sample RPV01.061.6 has a compressive modulus of 26.3 MPa while sample 
RPV01.061.16 has a modulus of 19.9 MPa.  These specific examples are cited in order to 
highlight trends in the data.  From this data, models were created to correlate the factors 
changed in the experiments to the empirically measured data.  The model shows a strong 
agreement between the empirical data and the predicted values.  Based on the model data 
shown in Figure 42, the compositions fabricated with the highest polymer concentrations 
possess the highest compressive moduli, as seen in the examples presented above.  
Furthermore, keeping the percent polymer concentrations constant, there is an observable 
trend that increasing the concentration of cardo-diamine present in the polymer backbone 
reduces the modulus of the aerogel.  As seen in Figure 43, the plot of density versus 
compressive modulus clearly shows that 50% cardo-diamine produces samples which 
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possess the lowest densities as well as the lowest modulus values.  However, it is important 
to note that many of these compositions possess high enough moduli to be handled easily 
and even used in applications.  On average, 0% cardo-diamine produces samples with the 
highest compressive moduli and density.  However, the samples possessing 25% cardo-
diamine, the midpoint in the DOE, possessed similar densities and moduli to those samples 
containing 0% cardo-diamine.  Furthermore, 1 point in particular stands out.  The sample 
with the highest modulus and density is a sample which contains 25% cardo-diamine.  
Unfortunately, this sample also possessed relatively high thermal shrinkage characteristics. 
 
5.5   CONCLUSIONS 
A DOE style method was used to create an array of polyimide aerogels.  This method was 
chosen because it enables the most efficient method of correlating the different factors and 
levels in a study while having the added benefit of minimizing the production of samples.  
An array of 20 different polyimide aerogels were produced, varying the polymer 
concentration (percent solids content), the n-value and the molar concentration of ODA 
and BAPF used.  All compositions were successfully synthesized and characterized.  The 
empirical data gathered was used to create statistical models that correlate the factors and 
their levels.  This method is a powerful way to draw accurate conclusions based on the 
data.  It was observed that increasing the content of the cardo-diamine, BAPF, had a 
significant impact on the density, thermal shrinkage and compressive modulus of the 
aerogel samples produced. 
Polyimide aerogels possess an extremely high degree of porosity and surface area.  These 
properties are formed from the sol-gel process.  Also inherent in this process, is a large 
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degree of interfacial tension that exists at the contact surface between the solvent and gel 
skeleton.  As a result of the high degree of porosity and surface area, a large percentage of 
the polymer chains comprising the aerogel skeleton and in contact and subjected to 
interfacial tension.  The polymer chains will attempt to minimize the energy of the system 
by minimizing the effects of interfacial tension.  This has the effect of producing a higher 
degree of free volume in the chains than would exist in a neat polyimide film for example.  
However, the minimization of energy comes at an entropic cost, imparting a driving force 
to collapse the free volume and once again maximize the entropy of the system.  Adding 
any heat, even though it is below the polyimides thermal transitions, will give the chains 
energy to rearrange.  The rearrangement leads to a reduction of free volume, and ultimately 
overall pore shrinkage and collapse. 
Adding rigid reinforcing agents to the polyimide skeletal backbone, such as cellulose 
nanocrystals, can reduce this observed thermal shrinkage by anchoring the chains to an 
entity that will not deform thermally due to its rigidity.  Another possible strategy for 
reducing the observed thermal shrinkage in polyimide aerogels is through adding bulky, 
space-filling side groups to the polyimide backbone to fill some of the free volume.  With 
space-filling side groups, less free volume in the system exists and thus a smaller portion 
of the skeleton even possesses the ability to collapse when the sample is exposed to heat.  
Therefore, the observed shrinkage of the aerogel will be reduced. 
Outlined in this work was the incorporation of the diamine, BAPF, which is a cardo-
diamine possessing a bulky fluorene group.  As aforementioned, cardo monomers have 
been observed to increase the solubility of polyimide oligomers while maintaining the 
desirable thermal properties associated with polyimides, such as high thermo-oxidative 
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stability as noted from their high thermal decomposition temperatures.  Samples comprised 
exclusively of ODA-BPDA possessed onset of decomposition temperatures of 
approximately 600 °C.  When up to 50 mole percent of the ODA was substituted for BAPF, 
creating an ODA-BAPF-BPDA alternating co-polymer, the onset of decomposition 
temperatures were also approximately 600 °C.  However, when the radial shrinkage was 
measured after aging the samples at 150 °C and 200 °C for 500 hours, there was a 
pronounced difference for samples comprised of ODA-BPDA versus those comprised of 
ODA-BAPF-BPDA.  The average effective thermal shrinkage, meaning the shrinkage after 
the aerogel sample was completely dried, at 150 °C for ODA-BPDA was 20% while the 
thermal shrinkage for ODA-BAPF-BPDA was only 12%.  These results are mirrored for 
the thermal shrinkage at 200 °C.  For ODA-BPDA the thermal shrinkage was 29% while 
for samples comprised of ODA-BAPF-BPDA the average thermal shrinkage was 17%.   
The addition of the BAPF has a significant effect on the reduction of shrinkage, which also 
means that the densities of the samples are lower than those containing ODA-BPDA.  
Samples containing BAPF consistently possessed densities lower than samples comprised 
of exclusively ODA.  Based on the plot in Figure 43, the samples containing 50% cardo-
diamine produced samples which possessed the highest mechanical strengths on a density 
basis.  The samples containing 75:25 and 100:0 of ODA and BAPF, respectively, resulted 
in aerogels that possessed similar mechanical strengths and densities. 
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Table 1:  Amounts of reactants needed to synthesize the array of 20 polyimide 
compositions varying the polymer concentration, n-value, and molar concentration of ODA 
and BAPF. 
 
 
 
  
RPV01.057.1 7.0 100 7.0 90.5 30 100 50 50 1.33 2.31 3.78 0.08 9.69 1.79
RPV01.057.5 10 100 10 87.5 30 100 50 50 1.90 3.30 5.40 0.11 13.85 2.56
RPV01.061.1 7.0 100 7.0 90.5 30 100 75 25 2.14 1.24 4.06 0.08 10.42 1.93
RPV01.061.2 8.5 100 8.5 89.0 30 100 50 50 1.61 2.81 4.59 0.09 11.77 2.17
RPV01.061.3 8.5 100 8.5 89.0 30 100 75 25 2.60 1.51 4.93 0.10 12.66 2.34
RPV01.061.4 10 100 10 87.5 20 100 50 50 1.91 3.32 5.34 0.16 13.69 2.53
RPV01.061.5 10 100 10 87.5 30 100 75 25 3.06 1.78 5.80 0.12 14.89 2.75
RPV01.061.6 10 100 10 87.5 40 100 100 0 4.40 0.00 6.31 0.09 16.20 2.99
RPV01.061.7 8.5 100 8.5 89.0 30 100 75 25 2.60 1.51 4.93 0.10 12.66 2.34
RPV01.061.8 7.0 100 7.0 90.5 20 100 50 50 1.33 2.32 3.73 0.11 9.58 1.77
RPV01.061.9 8.5 100 8.5 89.0 30 100 100 0 3.75 0.00 5.34 0.11 13.69 2.53
RPV01.061.10 8.5 100 8.5 89.0 20 100 75 25 2.62 1.52 4.88 0.15 12.52 2.31
RPV01.061.11 7.0 100 7.0 90.5 20 100 100 0 3.11 0.00 4.35 0.13 11.16 2.06
RPV01.061.12 7.0 100 7.0 90.5 40 100 100 0 3.08 0.00 4.42 0.07 11.34 2.10
RPV01.061.13 7.0 100 7.0 90.5 40 100 50 50 1.33 2.31 3.80 0.06 9.75 1.80
RPV01.061.14 8.5 100 8.5 89.0 40 100 75 25 2.60 1.51 4.96 0.07 12.73 2.35
RPV01.061.15 8.5 100 8.5 89.0 30 100 75 25 2.60 1.51 4.93 0.10 12.66 2.34
RPV01.061.16 10 100 10 87.5 40 100 50 50 1.89 3.29 5.43 0.08 13.93 2.57
RPV01.061.17 10 100 10 87.5 20 100 100 0 4.44 0.00 6.21 0.19 15.94 2.94
RPV01.061.18 8.5 100 8.5 89.0 30 100 75 25 2.60 1.51 4.93 0.10 12.66 2.34
ml AA ml TEAg BPDA g BTCg  BAPFBPDA ODA BAPF g  ODAnRun I.D.
wt % 
solution
g 
solution
g polymer in 
solution
ml NMP
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Table 2:  Design of experiments (DOE) array of 20 polyimide aerogel compositions 
containing three factors, polymer concentration, n-value, and molar concentration of ODA 
and BAPF.  The three factors were varied using three levels, a low, medium and high value.  
For polymer concentration, 7% was the low, 8.5% was the medium, and 10% was the high 
value.  For n-value, 20 was the low, 30 was the medium and 40 was the high value.  Lastly, 
for molar concentrations of ODA and BAPF, 100:0 was the low, 75:25 was the medium 
and 50:50 was the high value for ODA:BAPF. 
 
 
 
  
RPV01.057.1 7.0 30 50 50 F1 - L, F2 - M, F3 - H
RPV01.057.5 10 30 50 50 F1 - H, F2 - M, F3 - H
RPV01.061.1 7.0 30 75 25 F1 - L, F2 - M, F3 - M
RPV01.061.2 8.5 30 50 50 F1 - M, F2 - M, F3 - H
RPV01.061.3 8.5 30 75 25 F1 - M, F2 - M, F3 - M
RPV01.061.4 10 20 50 50 F1 - H, F2 - L, F3 - H
RPV01.061.5 10 30 75 25 F1 - H, F2 - M, F3 - M
RPV01.061.6 10 40 100 0 F1 - H, F2 - H, F3 - L
RPV01.061.7 8.5 30 75 25 F1 - M, F2 - M, F3 - M
RPV01.061.8 7.0 20 50 50 F1 - L, F2 - L, F3 - H
RPV01.061.9 8.5 30 100 0 F1 - M, F2 - M, F3 - L
RPV01.061.10 8.5 20 75 25 F1 - M, F2 - L, F3 - M
RPV01.061.11 7.0 20 100 0 F1 - L, F2 - L, F3 - L
RPV01.061.12 7.0 40 100 0 F1 - L, F2 - H, F3 - L
RPV01.061.13 7.0 40 50 50 F1 - L, F2 - H, F3 - H
RPV01.061.14 8.5 40 75 25 F1 - M, F2 - H, F3 - M
RPV01.061.15 8.5 30 75 25 F1 - M, F2 - M, F3 - M
RPV01.061.16 10 40 50 50 F1 - H, F2 - H, F3 - H
RPV01.061.17 10 20 100 0 F1 - H, F2 - L, F3 - L
RPV01.061.18 8.5 30 75 25 F1 - M, F2 - M, F3 - M
Factor 1 Factor 2 Factor 3
ODA BAPFRun I.D.
wt % 
solution
n
Level                     
(Low, Med, High)
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Table 3:  The starting densities, shrinkages from gel state to final dry aerogel state (before 
isothermal aging), and porosity data for the 20 polyimide aerogel compositions. 
 
 
 
 
  
RPV01.057.1 0.0884 0.0884 1.4066 93.7
RPV01.057.5 0.1275 0.1275 1.4225 91.0
RPV01.061.1 0.0986 0.0986 2.1029 95.3
RPV01.061.2 0.0862 0.0862 1.4528 94.1
RPV01.061.3 0.1110 0.1110 1.4537 92.4
RPV01.061.4 0.1337 0.1337 1.4287 90.6
RPV01.061.5 0.1770 0.1770 1.6406 89.2
RPV01.061.6 0.1628 0.1628 1.6500 90.1
RPV01.061.7 0.1149 0.1149 1.7800 93.5
RPV01.061.8 0.0541 0.0541 1.5070 96.4
RPV01.061.9 0.1570 0.1570 1.6737 90.6
RPV01.061.10 0.1063 0.1063 1.7523 93.9
RPV01.061.11 0.1105 0.1105 1.9814 94.4
RPV01.061.12 0.1408 0.1408 1.7670 92.0
RPV01.061.13 0.0629 0.0629 1.7281 96.4
RPV01.061.14 0.1264 0.1264 1.7763 92.9
RPV01.061.15 0.1322 0.1322 1.7631 92.5
RPV01.061.16 0.1343 0.1343 1.5836 91.5
RPV01.061.17 0.1611 0.1611 1.6958 90.5
RPV01.061.18 0.1181 0.1181 1.4477 91.8
Diameter Shrinkage, 
δd (%)
Skeletal Density, 
ρs (g/cm
3)
Porosity, 
Π (%)
Bulk Density, 
ρb (g/cm
3)
Run ID
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Table 4:  The starting bulk density, starting diameter shrinkage values from the gel state 
to the final dry aerogel state (before isothermal aging), the diameter shrinkage values after 
500 hours at 150 °C, the diameter shrinkage values after 500 hours at 200 °C, and the 
effective diameter shrinkage values after 500 hours at 150 °C and 200 °C (the difference 
between the starting diameter of the aerogel and the aerogel after isothermal aging) for the 
20 polyimide aerogel compositions. 
 
 
 
  
RPV01.057.1 0.0884 16.7 24.7 9.82 27.9 13.1
RPV01.057.5 0.1275 14.9 23.9 10.4 27.9 15.5
RPV01.061.1 0.0986 16.1 33.9 21.1 41.0 29.8
RPV01.061.2 0.0862 12.2 24.3 13.7 31.3 21.8
RPV01.061.3 0.1110 14.8 33.2 21.5 40.1 29.7
RPV01.061.4 0.1337 14.2 22.8 10.0 26.0 13.8
RPV01.061.5 0.1770 20.4 32.5 15.1 36.8 20.5
RPV01.061.6 0.1628 18.1 34.0 19.5 39.7 26.3
RPV01.061.7 0.1149 14.3 32.8 21.2 38.5 28.6
RPV01.061.8 0.0541 6.02 19.4 14.3 27.3 22.5
RPV01.061.9 0.1570 19.7 36.1 20.5 42.7 28.6
RPV01.061.10 0.1063 12.1 31.1 21.5 37.4 28.9
RPV01.061.11 0.1105 16.6 35.9 21.7 43.8 33.8
RPV01.061.12 0.1408 22.2 39.0 21.3 45.3 29.9
RPV01.061.13 0.0629 8.00 21.0 14.1 27.0 20.7
RPV01.061.14 0.1264 16.0 32.3 19.1 37.8 26.2
RPV01.061.15 0.1322 18.1 33.5 18.7 39.0 25.4
RPV01.061.16 0.1343 12.8 20.8 9.23 24.1 12.9
RPV01.061.17 0.1611 17.9 32.9 18.9 40.6 27.1
RPV01.061.18 0.1181 16.0 33.9 21.3 39.7 28.2
Run I.D.
Final Diameter 
Shrinkage 150 °C, δfd (%)
Effective Diameter 
Shrinkage 150 °C, δefd (%)
Final Diameter 
Shrinkage 200 °C, δfd (%)
Effective Diameter 
Shrinkage 200 °C, δefd (%)
Starting Bulk 
Density, ρsb (g/cm
3)
Starting Diameter 
Shrinkage, δsd (%)
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Table 5:  The temperatures corresponding to a 2% weight loss (T98), a 5% weight loss (T95) 
and the onset of decomposition (Td) under N2 for the 20 polyimide compositions. 
 
 
 
 
  
RPV01.057.1 544 610 596
RPV01.057.5 300 606 601
RPV01.061.1 207 566 595
RPV01.061.2 301 596 599
RPV01.061.3 301 595 598
RPV01.061.4 500 604 607
RPV01.061.5 285 594 599
RPV01.061.6 67 596 598
RPV01.061.7 138 576 594
RPV01.061.8 123 403 626
RPV01.061.9 212 604 606
RPV01.061.10 98 564 603
RPV01.061.11 280 576 601
RPV01.061.12 200 588 591
RPV01.061.13 56 486 593
RPV01.061.14 300 584 590
RPV01.061.15 56 579 612
RPV01.061.16 217 577 585
RPV01.061.17 250 595 598
RPV01.061.18 385 602 605
Run ID
Onset of Decomposition, 
Td °C
T98, °C T95, °C
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Table 6:  Selected mechanical properties of the 20 polyimide aerogel compositions. 
 
 
 
 
  
RPV01.057.1 0.29 3.73 7.56
RPV01.057.5 0.56 8.47 12.86
RPV01.061.1 0.33 4.20 7.68
RPV01.061.2 0.26 3.50 7.76
RPV01.061.3 0.40 5.50 9.61
RPV01.061.4 0.65 8.69 19.24
RPV01.061.5 1.05 10.12 30.09
RPV01.061.6 0.87 9.56 26.30
RPV01.061.7 0.30 0.44 12.56
RPV01.061.8 N/A N/A N/A
RPV01.061.9 0.75 10.00 22.23
RPV01.061.10 0.37 5.01 9.18
RPV01.061.11 0.41 5.29 10.39
RPV01.061.12 0.61 9.39 14.14
RPV01.061.13 0.02 0.11 N/A
RPV01.061.14 0.48 4.56 12.84
RPV01.061.15 0.56 8.25 13.24
RPV01.061.16 0.67 8.49 19.88
RPV01.061.17 0.85 9.62 28.51
RPV01.061.18 0.45 6.26 10.67
Ultimate Stress 
(MPa)
10% Plateau 
Stress (MPa)
Compressive 
Modulus (MPa)
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Figure 1:  ATF-IR spectrum for polyimide aerogel composition RPV01.057.1. 
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Figure 2:  ATF-IR spectrum for polyimide aerogel composition RPV01.057.5. 
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Figure 3:  ATF-IR spectrum for polyimide aerogel composition RPV01.061.1. 
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Figure 4:  ATF-IR spectrum for polyimide aerogel composition RPV01.061.2. 
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Figure 5:  ATF-IR spectrum for polyimide aerogel composition RPV01.061.3. 
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Figure 6:  ATF-IR spectrum for polyimide aerogel composition RPV01.061.4. 
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Figure 7:  ATF-IR spectrum for polyimide aerogel composition RPV01.061.5. 
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Figure 8:  ATF-IR spectrum for polyimide aerogel composition RPV01.061.6. 
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Figure 9:  ATF-IR spectrum for polyimide aerogel composition RPV01.061.7. 
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Figure 10:  ATF-IR spectrum for polyimide aerogel composition RPV01.061.8. 
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Figure 11:  ATF-IR spectrum for polyimide aerogel composition RPV01.061.9. 
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Figure 12:  ATF-IR spectrum for polyimide aerogel composition RPV01.061.10. 
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Figure 13:  ATF-IR spectrum for polyimide aerogel composition RPV01.061.11. 
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Figure 14:  ATF-IR spectrum for polyimide aerogel composition RPV01.061.12. 
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Figure 15:  ATF-IR spectrum for polyimide aerogel composition RPV01.061.13. 
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Figure 16:  ATF-IR spectrum for polyimide aerogel composition RPV01.061.14. 
 
 
 
  
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
60011001600210026003100
A
b
so
rb
an
ce
Wavenumber (cm-1)
202 
 
 
 
Figure 17:  ATF-IR spectrum for polyimide aerogel composition RPV01.061.15. 
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Figure 18:  ATF-IR spectrum for polyimide aerogel composition RPV01.061.16. 
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Figure 19:  ATF-IR spectrum for polyimide aerogel composition RPV01.061.17. 
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Figure 20:  ATF-IR spectrum for polyimide aerogel composition RPV01.061.18. 
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Figure 21:  A plot of the changes in density over the course of 500 hours aged at 150 °C 
for all compositions that were synthesized. 
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Figure 22:  A plot of the changes in density over the course of 500 hours aged at 150 °C 
for all compositions that were synthesized. 
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Figure 23:  Plots showing the densities aerogels formulated to contain 7%, 8.5% and 10% 
polymer concentration and the effects the n-value and percent cardo-diamine in the 
polymer backbone have on the densities. 
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Figure 24:  Plots examining the effect the n-value and percent cardo-diamine in the 
backbone has on the density of the as fabricated samples and after aging at 150 °C and 200 
°C for 500 hours for samples formulated to 7% polymer concentration. 
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Figure 25:  Plots examining the effect the n-value and percent cardo-diamine in the 
backbone has on the density of the as fabricated samples and after aging at 150 °C and 200 
°C for 500 hours for samples formulated to 10% polymer concentration. 
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Figure 26:  Plots examining the effect the n-value and percent cardo-diamine in the 
backbone has on the shrinkage of the samples formulated to contain 7%, 8.5% and 10% 
polymer content after aging at 150 °C for 500 hours. 
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Figure 27:  Plots examining the effect the n-value and percent cardo-diamine in the 
backbone has on the shrinkage of the samples formulated to contain 7%, 8.5% and 10% 
polymer content after aging at 200 °C for 500 hours. 
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Figure 28:  Plots examining the effects the n-values and percent cardo-diamine contained 
in the backbone of the polymer had on the shrinkage for samples formulated to contain 7%, 
8.5% and 10% polymer concentrations. 
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Figure 29:  Plots showing the effect the total formulated starting concentration of polymer 
and percent cardo-diamine had on the shrinkage measured at 150 °C and 200 °C after 500 
hours. 
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Figure 30:  A plot of initial starting density illustrating the effect the n-value and percent 
cardo-diamine contained in the polymer backbone have on the density. 
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Figure 31:  A plot of the density after aging for 500 hours at 150 °C, illustrating the effect 
the n-value and percent cardo-diamine contained in the polymer backbone have on the 
change in density at elevated temperatures over extended periods of time. 
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Figure 32:  A plot of the density after aging for 500 hours at 200 °C, illustrating the effect 
the n-value and percent cardo-diamine contained in the polymer backbone have on the 
change in density at elevated temperatures over extended periods of time. 
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Figure 33:  The aerogel network viewed at x50000 magnification.  The samples all contain 
7% polymer concentration.  Sample 057.1 (A) contains n = 30 and 50:50 ODA:BAPF, 
061.1 (B) contains n = 30 and 75:25 ODA:BAPF, 061.8 (C) contains n = 20 and 50:50 
ODA:BAPF, 061.11 (D) contains n = 30 and 75:25 ODA:BAPF, 061.12 (E) contains n = 
40 and 100:0 ODA:BAPF, 061.13 (F) contains n = 40 and 50:50 ODA:BAPF. 
A B 
C D 
E F 
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Figure 34:  The aerogel network viewed at x100000 magnification.  The samples all 
contain 7% polymer concentration.  Sample 057.1 (A) contains n = 30 and 50:50 
ODA:BAPF, 061.1 (B) contains n = 30 and 75:25 ODA:BAPF, 061.8 (C) contains n = 20 
and 50:50 ODA:BAPF, 061.11 (D) contains n = 30 and 75:25 ODA:BAPF, 061.12 (E) 
contains n = 40 and 100:0 ODA:BAPF, 061.13 (F) contains n = 40 and 50:50 ODA:BAPF. 
A B 
C D 
E F 
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Figure 35:  The aerogel network viewed at x50000 magnification.  The samples all contain 
8.5% polymer concentration.  Sample 061.2 (A) contains n = 30 and 50:50 ODA:BAPF, 
061.3 (B) contains n = 30 and 75:25 ODA:BAPF, 061.9 (C) contains n = 30 and 100:0 
ODA:BAPF, 061.10 (D) contains n = 20 and 75:25 ODA:BAPF, 061.14 (E) contains n = 
40 and 75:25 ODA:BAPF, 061.15 (F) contains n = 30 and 75:25 ODA:BAPF. 
A B 
C D 
E F 
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Figure 36:  The aerogel network viewed at x100000 magnification.  The samples all 
contain 8.5% polymer concentration.  Sample 061.2 (A) contains n = 30 and 50:50 
ODA:BAPF, 061.3 (B) contains n = 30 and 75:25 ODA:BAPF, 061.9 (C) contains n = 30 
and 100:0 ODA:BAPF, 061.10 (D) contains n = 20 and 75:25 ODA:BAPF, 061.14 (E) 
contains n = 40 and 75:25 ODA:BAPF, 061.15 (F) contains n = 30 and 75:25 ODA:BAPF. 
A B 
C D 
E F 
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Figure 37:  The aerogel network viewed at x50000 magnification.  The samples all contain 
10% polymer concentration.  Sample 057.5 (A) contains n = 30 and 50:50 ODA:BAPF, 
061.4 (B) contains n = 20 and 50:50 ODA:BAPF, 061.5 (C) contains n = 30 and 75:25 
ODA:BAPF, 061.6 (D) contains n = 40 and 100:0 ODA:BAPF, 061.16 (E) contains n = 40 
and 50:50 ODA:BAPF, 061.17 (F) contains n = 20 and 100:0 ODA:BAPF. 
A B 
C D 
E F 
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Figure 38:  The aerogel network viewed at x100000 magnification.  The samples all 
contain 10% polymer concentration.  Sample 057.5 (A) contains n = 30 and 50:50 
ODA:BAPF, 061.4 (B) contains n = 20 and 50:50 ODA:BAPF, 061.5 (C) contains n = 30 
and 75:25 ODA:BAPF, 061.6 (D) contains n = 40 and 100:0 ODA:BAPF, 061.16 (E) 
contains n = 40 and 50:50 ODA:BAPF, 061.17 (F) contains n = 20 and 100:0 ODA:BAPF. 
A B 
C D 
E F 
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Figure 39:  Thermogravimetric analysis (TGA) data run in a N2 atmosphere for the array 
of 20 polyimide aerogels. 
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Figure 40:  Sample RPV01.061.16 compression tested using the Aramis software to 
examine the displacement between the Aramis data points placed on the periphery of the 
aerogel. 
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Figure 41:  Stress-strain curves for the array of 20 polyimide aerogels.  Note, because the 
test is performed in compression, there is a negative value for stress and strain, denoting 
the direction of the test. 
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Figure 42:  A statistically derived model to fit the mechanical data.  The surface shows 
good agreement with the empirically collected data.  The plot compares the compressive 
modulus, polymer concentration and the percent cardo-diamine comprising the aerogel 
backbone. 
 
 
  
1
10
100
0
10
20
30
40
50
7
8
9
10
M
o
d
u
lu
s
, 
M
P
a
Ca
rdo
 di
am
ine
, %
Polymer conc., %
3D Graph 3
Model
Data
228 
 
 
 
Figure 43:  A plot of the compressive modulus as a function of density for polyimide 
aerogels containing 0% cardo-diamine, 25% cardo-diamine and 50% cardo-diamine. 
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APPENDIX 
 
 
 
 
 
 
 
 
 
 
  
230 
 
 
The following appendix sections represent initial investigations into various topics relating 
to aerogels as well as nanoparticle additives for enhanced performance for ballistics 
protection.  These sections are not full chapters as the timeframe allotted for investigation 
was not sufficient to fully characterize the materials.  Nonetheless, the initial work presents 
novel materials and ideas that lay the groundwork for further examination of these topics.  
The initial results produced promising research avenues, that once fully explored may 
result in full research topics of their own. 
 
  
231 
 
 
 
 
 
 
 
 
 
APPENDIX 1 
 
 
DE-DENSIFIED SILICONE PRODUCED VIA FREEZE DRYING 
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ABSTRACT 
Freeze drying of ca. 50% solids poly(dimethyl siloxane) (PDMS) suspensions in water 
resulted in the production of de-densified polymer monoliths, with specific moduli 
equivalent to that of the control  PDMS polymer.  A simple method for the production of 
reduced density silicones, using an environmentally-friendly process, is disclosed. 
 
INTRODUCTION 
The unique properties of silicones, due to their Si-O-Si backbones, make them attractive 
elastomeric materials in applications requiring low Tg values a large usable temperature 
range, and significant hydrophobicity.  An easy method of de-densification of these 
silicones could represent an interesting opportunity for combining their favorable 
properties, but at a reduced bulk density. 
Polymer and polymer/clay aerogels, produced from aqueous solutions, suspension, and 
latexes using an environmentally-friendly freeze drying process have been demonstrated 
over the past decade, to produce interesting, low density materials which resemble polymer 
foams.1-5  These cryo-processed aerogels can possess free volumes as high as 96%, while 
maintaining useful mechanical properties, which can resemble, and in some cases 
significantly exceed  those of cork or balsa,6-7 while eliminating the need to maintain the 
high melt strengths and blowing agents required for traditional foaming processes.  
Formation of ice crystals, with polymer or polymer/clay composites relegated to the 
crystalline grain boundaries, account for the unique structures, which are tunable by 
altering freezing conditions, bringing about a range of mechanical properties.8 
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A limitation to the cryo-processing comes with the use of polymers which do not produce 
homogeneous mixtures with water; silicones are a good example of such a family of 
polymers which have, to date, not lent themselves to aerogel production.  An initial attempt 
to combine cryo-processing of aerogel materials with silicones, is described herein. 
 
EXPERIMENTAL 
MATERIALS 
AM 1:28 silicone rubber RTV (RTV-SR) and Karstedt’s catalyst (AeroMarineTM), laponite 
(BKY additives Inc.), sodium montmorillonite (MMT; Southern Clay Inc., PGW grade), 
aluminum sulfate (Sigma-Aldrich Co.), and sodium dodecyl sulfate (SDS; Fisher Scientific 
Inc.) were used without modification.  Deionized (DI) water was produced using a 
Barnstead Nanopure low pressure, reverse osmosis Purification system. 
 
SAMPLE PREPARATION AND PROCESSING 
Many different combinations of silicone/clay/SDS were used to produce an array of porous 
silicone monoliths to evaluate.  An example synthesis is as follows:  35.0 g RTV-SR and 
3.50 g of Karstedt’s catalyst were combined at room temperature using a low-shear hand 
mixer until the resultant solution appeared to be homogenous.  In a separate container, 2.50 
g of laponite clay and 1.40 g of SDS was added to 50 mL of DI water.  These three 
components were mixed together with high shear rate using a Waring Laboratory model 
blender (22,000 rpm free range speed).  Once homogenous, the laponite clay/SDS aqueous 
solution was added to the RTV-SR and combined together using the low-shear hand mixer 
in order minimize the formation of unwanted bubbles.  The gel suspensions appeared to be 
meta-stable, consisting of an interpenetrating regions of silicone and laponite clay/SDS 
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domains.  These suspensions were poured into 18 dram polystyrene vials and submersed 
in a solid carbon dioxide/ethanol bath at -70° C.  Once frozen, the samples were placed 
into a SP Scientific Virtis AdVantage 2.0 Bench Top Lyophilizer.  The shelf temperature 
was set to -70° C, the condenser coil was set to -85° C.  Once a vacuum of 40 μbar was 
achieved, the temperature of the shelf was set to 25° C in order to sublime the water from 
the frozen gel suspensions.  After 72 hours, all samples were removed from the freeze drier, 
and the resultant polymer/clay aerogels were characterized.   
To produce a control silicone polymer, the same quantities of silicone monomer and 
catalyst as are described above were combined in a polystyrene vial, and allowed to cure 
at room temperature before testing. 
 
SAMPLE MECHANICAL CHARACTERIZATION 
Once freeze dried, the resultant cylindrical porous silicone monoliths (approximately 20 
mm in diameter and 45 mm in height) were tested using a MTS model 2525/ReNew 
upgrade package 5565 mechanical tester equipped with a 1000 N load cell.  As standard 
with mechanical testing carried out on the cylindrical porous silicone monoliths, their 
properties under compression were tested.  Bulk densities of the porous silicone monoliths 
were obtained through careful dimensional measurement (height and diameter) using 
digital calipers along with determination of the mass.  In order to prepare the porous 
silicone monoliths for compression testing, each monolith was cut to a height of 20 mm 
using a band saw.  The ultimate strain for the tester was set to a value of 0.75, i.e. 75% of 
the total linear distance.  Six replicate samples were tested for each composition, and the 
mean and standard deviation of those measurements reported. 
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RESULTS AND DISCUSSION 
Samples of poly(dimethyl siloxane) (PDMS) and freeze dried PDMS/laponite clay were 
prepared by a standard, platinum-catalyzed polymerization process.  The control PDMS 
elastomer had a bulk density of 1.179 g/cm3, and exhibited a compressive modulus of 0.12 
MPa.  The compositions for freeze dried PDMS materials are given in Table 1.  In the 
absence of added clay and surfactant, a dried polymer with slightly reduced bulk density, 
and a modulus apparently greater than that of the control was obtained.  The 10% reduction 
in density is marginal, and did not warrant further examination.  With the addition of clay 
and surfactant, a nearly 50% reduction in bulk density, with a compressive modulus:density 
ratio, compared to control PDMS, could be obtained, Figure 1.  Addition of Al3+ ions to 
the system, shown in some polymer/clay aerogels to bring about aggregation and 
enhancement of properties,9 did increase modulus and density, but not the specific modulus 
value for the material.  All of the materials presented smooth curve compressive stress-
strain curves typical of elastomers. 
The freeze-dried samples exhibited an approximately two-fold de-densification as a result 
of being converted to an aqueous suspension, followed by freeze drying, consistent with 
the approximately 50% solids used in the sample preparation.  The ca. 50% solids 
suspension appeared to be meta-stable, while lower solids mixtures simply separated via 
sedimentation. Attempts to produce lower density materials, therefore, failed to produce 
coherent monoliths; dried polymer particles were produced from lower solids suspensions, 
instead.  The compressive mechanical properties of the samples, which are too dense to be 
called aerogels, reflected the amount of polymer present in the monoliths, with specific 
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moduli equivalent to those of the PDMS polymer itself.  The presence of clay and surfactant 
had no apparent effect upon compressive properties. 
 
CONCLUSIONS 
A method for de-densifying water-insoluble polymers, making use of freeze drying of 
aqueous suspensions of the polymer in the presence of a surfactant was presented in the 
present work.  Freeze drying of ca. 50% solids poly(dimethyl siloxane) (PDMS) 
suspensions in water resulted in the production of de-densified polymer monoliths, with 
specific moduli equivalent to that of the control  PDMS polymer.  This environmentally-
friendly process could potentially be extended to a wide range of polymers. 
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Table 1:  Freeze-dried PDMS compositions. 
 
Composition Poly(dimethylsiloxane) Laponite 
Clay 
H2O SDS Al2(SO4)3∙6H2O 
A 60.0 g -    
B 60.0 g 6.0 g 60.0 g 2.0 g  
C 60.0 g 6.0 g 60.0 g 2.0 g 0.5 g 
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Table 2:  Freeze-dried PDMS mechanical properties. 
 
Composition Density Compressive Modulus *Percent Recovery 
A 1.012 g/cm3 0.341 MPa 95% (Fracture) 
B 0.652 g/cm3 0.043 MPa 100% 
C 0.889 g/cm3 0.121 MPa 78% 
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Figure 1:  Cross-sectional view of the de-densified silicone sample. 
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CROSS-LINKED POLYOLEFIN AEROGELS 
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PROJECT OVERVIEW 
Aerogels are porous solids possessing high surface areas and low densities, that are made 
by forming a gel network and then removing the solvent without causing the pores to 
collapse.  Due to characteristics such as high surface area, high porosity, and low density, 
these lightweight aerogels are attractive for use as thermal insulators, low dielectric 
substrates, catalyst supports, and as building and construction materials.  Recent successful 
polymer aerogels have been synthesized in an effort to overcome the fragility and lack of 
flexibility associated with silica aerogels.   
Polymer aerogels tend to be more robust than pure silica aerogels.  Furthermore, factors 
such as polymer chain length and cross-link density can be controlled, making it is possible 
to generate a broad spectrum of properties from just a few different monomers.  For 
example, inexpensive aerogels produced from syndiotactic polystyrene were created by 
allowing hot solutions of the polymer to form physically interlinked semi-crystalline 
domains that act as virtual cross-links upon cooling.  These materials were found to be 
hygroscopic and possessed attractive sorption and desorption properties making them good 
substrates for removing impurities from air and fluids.  However, their lack of covalent 
cross-links resulted in poor mechanical properties.   
The intent of this work was to create an aerogel from semi-crystalline polyolefins, such as 
low-density polyethylene (LDPE), linear low-density polyethylene (LLDPE), high-density 
polyethylene (HDPE) and polypropylene (PP).  Uncross-linked and cross-linked versions 
of these materials, specifically focusing on LDPE and HDPE, will be evaluated based on 
their mechanical properties and surface areas. 
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These materials are especially appealing for space applications.  Polyethylene has been 
shown to provide excellent resistance to galactic cosmic radiation (GCR).  GCR is a highly 
ionizing form of radiation that is comprised of atomic nuclei which have been stripped of 
their electrons, originating commonly from deep space and solar flares.  Common nuclei 
include:  carbon, oxygen, magnesium, silicon and iron.  When these high energy particles 
collide with other atoms, they produce an array of secondary particles which go on to 
collide with other atoms, in turn producing more secondary particles.  The amount of 
secondary particles produced is a function of the size of the nucleus impacted by the GCR.  
The larger the nucleus, the more secondary particles produced.  With this rational in mind, 
hydrogen, the smallest nucleus, will produce the smallest amount of secondary particles.  
Therefore, materials, such as polyethylene which contain a large amount of hydrogen in 
their structure provide excellent resistance to GCR.  An aerogel produced from 
polyethylene will have the added benefit of being a lightweight insulation material for both 
astronauts and spacecraft. 
 
EXPERIMENTAL 
To a 100 mL solution of 1,2,4-trichlorobenzene, 10.01 g of HDPE was added.  A steady 
stream of nitrogen was bubbled below the surface as the solution was warmed to 113°C.  
The mixture was stirred until the polymer had completely dissolved.  Once homogenous, 
8.00 g of dicumyl peroxide was added to the viscous solution and the temperature was 
increased to 120°C.  The solution turned slightly yellow as the viscosity increased further. 
After 10 minutes of stirring, a thick yellow gel was formed in the flask.  While still hot, the 
material was pressed into syringe molds, and allowed to stand at room temperature 
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overnight.  The resulting monoliths were then allowed to soak in ethanol for several days 
in order to remove the reaction solvent and any unreacted peroxide. 
 
RESULTS 
HDPE was cross-linked through radical reactions produced by the addition of peroxides to 
the solution.  Upon addition to the hot solution, the dicumyl peroxide will homolytically 
cleave peroxide bond, producing two free radical initators.  From there, a series of reactions 
occur which results in the production of 2 moles of acetophenone as seen from the reaction 
scheme in Figure 1.  The radical produced from dicumyl peroxide abstracts a hydrogen 
atom from a polyethylene chain, leaving a highly reactive free radical on carbon.  This free 
radical is able to abstract a hydrogen atom from another polyethylene chain or couple with 
a free radical on another polyethylene chain.  This coupling results in a chemical cross-
link.  With enough radical reactions, a cross-linked polyethylene network will form, as 
shown in the reaction scheme in Figure 2.  In order to ensure cross-linking had occurred, 
a solid-state NMR was taken for neat, uncross-linked and cross-linked HDPE.  There is 
only a minor distinguishable difference at 27 ppm for the cross-linked versus the uncross-
linked control as seen in Figure 3. 
The resultant HDPE monolithic aerogels can be seen in Figure 4.  These appear the same 
as their uncross-linked LDPE counter parts.  As observed in Figure 5, the uncross-linked 
LDPE produced petal like structures, connected by thin fibrils.  These samples possessed 
a density of 0.122 g/cm3 and a porosity of 86.7%.  However, the sample possessed 
extremely low surface areas of 3.23 m2/g.  The HDPE aerogel structure of the cross-linked 
samples, seen in Figure 6, possessed a similar petal-like structure.  The density, 0.117 
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g/cm3, and porosity, 87.7%, were also similar to the uncross-linked sample.  However, the 
surface area increased by a factor of 10 to 32.2 m2/g.   
 
CONCLUSIONS 
Dissolving polyethylene in solvent and then allowing it to cool back to room temperature 
will result in a gel, which can be solvent exchanged and subsequently supercritically dried.  
The result is a low density, monolithic solid, possessing a high porosity but a low surface 
area and poor mechanical properties.  Cross-linking polyethylene was an attempt to 
improve the mechanical strength and increase the surface area.  Qualitative changes in 
viscosity along with a small peak at 27 ppm indicate that HDPE was cross-linked by the 
addition of dicumyl peroxide.  The resulting aerogel possessed a similar density and 
porosity to the uncross-linked sample.  However, the surface area was measured to be an 
order of magnitude greater than the uncross-linked sample.  Unfortunately, the surface area 
was still much lower than is observed in traditional aerogels. 
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Figure 1:  Reaction scheme for the homolytic cleavage of dicumyl peroxide, resulting in 
the production of acetophenone, methane gas and cross-linked alkyl chains (denoted by R). 
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Figure 2:  Reaction scheme for the cross-linking of HDPE by the addition of dicumyl 
peroxide. 
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Figure 3:  Sold state NMR comparing a sample of uncross-linked polyethylene to cross-
linked polyethylene. 
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Figure 4:  Image of the monoliths of cross-linked HDPE produced after supercritical 
drying. 
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Figure 5:  SEM images of uncross-linked LDPE observed at x500, x2000, x10000 and 
x45000 magnification. 
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Figure 6:  SEM images of cross-linked HDPE observed at x500, x2000, x10000 and 
x45000 magnification. 
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SYNTHESIS AND CHARACTERIZATION OF POLYANILINE AEROGELS 
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PROJECT OVERVIEW 
Due to its ability to be made electrically conducting, polyaniline is of interest for many 
aerospace applications, including use as electrostatic dispersive coatings, electromagnetic 
interference shielding, actuators, and as electrodes for batteries, fuel cells and super 
capacitors.  Compared to other conductive polymers, polyaniline is easy to synthesize, 
more flexible, capable of p and n type doping and is more environmentally stable.  
Polyaniline also possesses three oxidation states with different colors corresponding to 
these associated oxidation states, making it an attractive option for acid/base chemical 
vapor sensors and biosensors.  Lastly, through addition of highly electron withdrawing 
groups, such as tetracyanoquinodimethane (TCNQ) and conjugation along the polymer 
backbone, polyaniline can be a magnet making it the only reported polymeric material to 
display magnetic properties at temperatures as high as room temperature. 
One relatively unexplored feature of polyaniline is the ease with which it can be cross-
linked.  This feature enables the synthesis of a polymer gel which can be supercritically 
dried to yield polyaniline aerogel.  Recently, polymer aerogels have attracted interest due 
to their low density, high porosity, large surface area (>300 m2/g), excellent thermal 
insulation properties, and improved mechanical properties over traditional silica aerogels.  
Polyaniline aerogel may combine these features with electrical conductivity, magnetic 
properties, and sensing in a lighter package.  In particular, the high surface area and open 
porosity combined with electrical conductivity make polyaniline aerogels principally 
attractive electrodes for power applications and sensors, while magnetic properties could 
lead to extremely lightweight magnets.   
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EXPERIMENTAL 
The major obstacle to overcome was determining the conditions required to form a gel 
from a solution of polyaniline.  Gelation was achieved in two ways.  In the first method, a 
10 weight percent of polyaniline in N-methyl-pyrrolidone (NMP) was stirred at 40 °C.  
After pouring into molds, gelation occurred after 30 minutes under a stream of nitrogen.  
The result was a tough, deep blue-purple gel.  Gelation was also carried out through 
crosslinking the backbone of polyaniline with paraformaldehyde.  First, polyaniline was 
dissolved in NMP at room temperature to create a 5 weight percent solution.  To this 
solution, paraformaldehyde was added slowly at room temperature with stirring to total 2 
percent by weight of solution.  Once dissolved, the solution was heated to 60 °C with 
continuous stirring.  After 3 minutes a fragile, deep blue gel was formed.  The NMP in both 
types of gels was exchanged with acetone over several days.  Then, the gels were dried 
using supercritical CO2 extraction, resulting in porous polyaniline monoliths with 
properties and morphology shown below.   
 
RESULTS 
Two separate polyaniline gels were created.  One was left to gel over time, the other was 
cross-linked with paraformaldehyde as shown in Figure 1.  The uncross-linked sample had 
an interesting microstructure (Figure 2), however the density, surface area and porosity 
were more reminiscent of a foam.  The uncross-linked polyaniline sample had a density of 
0.253 g/cm3, a porosity of 79.8% and a surface area of 68 m2/g.  On the other hand, the 
cross-linked polyaniline possessed a low density (0.0956 g/cm3), high porosity (92.5%) 
and high surface area (321 m2/g), which is characteristic of aerogels.  In addition, the 
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scanning electron micrograph (SEM) of the cross-linked polyaniline (Figure 3) is similar 
to silica aerogels, while that of the uncross-linked monolith is somewhat non-uniform, 
showing regions of more and less porosity.   
 
CONCLUSIONS 
As mentioned, a polyaniline aerogel may be applied in several ways.  Due to its low 
density, high porosity, large surface area, conductivity when doped, and color change in 
the presence of acids and bases, it may find use as a chemical sensor or as an anode in 
batteries or supercapacitors.  In addition, cross-linked polyanaline has been proposed for 
hydrogen storage.  An aerogel version should potentially have much more capacity for this 
application. 
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Figure 1:  Reaction scheme to cross-link polyaniline with paraformaldehyde. 
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Figure 2:  SEM images of uncross-linked polyaniline samples. 
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Figure 3:  SEM images of cross-linked polyaniline aerogels. 
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